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Thermoelectric materials are an enabling technology that has the potential to increase overall
plant efficiency and reduce greenhouse gas emissions for shoreside power plants and for the
marine industry. These materials do this by directly converting waste heat energy into usable
electricity that could be harnessed for use on any existing electrical grid. This dissertation
describes work done to understand, model, and investigate improvements to bismuth telluride
and bismuth telluride antimony thermoelectric materials to better match the materials to available
heat flux from industrial plants. Presented within this work are models to investigate
homogenous materials, functionally graded materials, and segmented materials; as well as work
developing a testing apparatus to evaluate the performance of physical materials. The testing
apparatus was used to evaluate bismuth telluride P and N type couples and measure their nano to
micro scale voltage and current outputs.
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CHAPTER 1
THERMOELECTRIC RESEARCH
1.1 Fundamentals of Thermoelectrics
The concept of thermoelectricity is based on the concept that electron flow through a certain type
of material can either transform a fraction of energy either from electrical to heat or from heat to
electrical. These transformations are given the names Peltier and Seebeck effects respectively
and correspond to the application of an electrical potential or a temperature differential across the
material leads or surfaces respectively. The thermodynamic system action of either effect can be
seen in Figure 1.1, which depicts a thermoelectric couple made up of a positively and negatively
doped element.

Figure 1.1: The thermodynamic system of thermoelectrics
The actionable materials are created in either a positively, or P-type, or negatively, or N-type,
doped material, and can be found in a number of different forms, such as bulk materials or thin
film deposits. The doping of the material determines whether it is a P-type or an N-type
material.

1

This grading method is called the figure of merit, or zT, which is dimensionless. It is upon the
direct relationship of the prevailing thermal and electrical physical properties that the zT is
based, and therefore the materials themselves are compared to one another. The equation for zT
can be seen below in Equation 1.1 and a chart with examples of zT for a number of P-type
materials under a variable temperature difference range can be seen in Figure 1.2. [Rowe, 2006]
(1.1)
where zT is the figure of merit, α is the Seebeck coefficient, σ is the electrical conductivity, ρ is
the electrical resistivity, and κ is the thermal conductivity.

Figure 1.2: Figure of merit for P-type thermoelectric materials [Snyder, 2004]
The figure of merit also is an indication of the average conversion efficiency of the material, as
the material with the higher zT at a given temperature differential has a higher output and
efficiency. Equation 1.2 shows how efficiency can be derived from the figure of merit and the
operating temperatures. This equation is only valid, however, for bulk materials thicker than 1
micron. [Rowe, 2006]

(1.2)

2

The couples can be connected electrically in series by conducting material to form devices, such
as the example seen in Figure 1.3. These devices are commonly referred to as modules and can
take on many thicknesses and contact areas, both characteristics being set by the manufacturer of
the module. In Figure 1.3, the left diagram depicts how the elements and couples are connected
in series and the right diagram depicts a typical flat plate module. These modules can also be
wired in various series and parallel wiring schemes in devices known as thermoelectric
generators (TEGs) to boost the thermoelectric system’s voltage and current output. An example
of a TEG can be seen in Figure 1.4. This particular TEG is rated for 180W and consists of 18
modules, 2 parallel legs of 9 modules wired in series. [Bass, 2001]

Figure 1.3: An example of a thermoelectric module

Figure 1.4: An example of a thermoelectric generator

3

1.2 Previous Related External Academic and Industrial Work
There has been a significant amount of work in the thermoelectric industry on modeling and
materials development, and some work on developing devices and device configurations. The
following section will summarize some of the applicable published work on these topics.
Regarding materials development, there has been numerous studies, experiments, and
development techniques published. Summarized here are some of the related publications to this
dissertation. Zou et al (2001) created N- and P-type bismuth telluride materials using glass
substrates for Peltier coolers. Da Silva et al (2005) deposited bismuth telluride and antimony
telluride materials on a number of substrates to investigate substrate and substrate temperature
effects. Yoo et al (2005) investigated electrochemically deposited bismuth telluride thin film
materials on sputtered bismuth telluride, Silicon Oxide, and Silicon substrates. Jimenez et al.
(2014) created bismuth antimony telluride using a spark-plasma sintering process. Li (2009) used
a hot pressing method of fabricating P-type bismuth telluride, investigating changing the
temperature at which the hot press was operated at, and its effect on the developed particle grain
size of the crystals grown. Lee (2015) discussed the fabrication of a P-type bismuth telluride
material using milling and plasma sintering and the effect on thermoelectric properties on
changing the sintering temperature. In Rowe (2006), the thermoelectric properties of a number of
TE materials, including hot pressed bismuth telluride and lead telluride, found experimentally is
discussed. Lan et al. (2010) discussed enhancements to the TE properties when using nanoscale
grain sizes. Snyder and Ursell (2003) presented the compatibility factor for thermoelectrics that
determines how effective a segmented thermoelectric element will be in application and
introduced the reduced current approach of element design to improve efficiency. Wijesekara
and Rosendahl (2015) described a process that could be used to further the reduced current
4

approach (RCA) of creating thermoelectric materials to include the optimization of power output
instead of focusing on optimizing efficiency. Zabrocki et al. (2010) discussed a one dimensional
modeling method for predicting TE material properties using Bessel functions. Crane and
Jackson (2004) created a numerical model to design cross flow thermoelectric heat exchangers
for water and air flows using bismuth telluride modules.
For thermoelectric generator design and testing, work has been done by a number of research
teams and companies. Crane and Bell (2007) presented a design for a TEG that will
accommodate the fluctuating available thermopower from a passenger vehicle’s exhaust. Bass
et al. (2001) described a TEG design using bismuth telluride modules for a heavy duty vehicle
engine. Navone et al. (2011) present a method of fabricating TE devices by printing onto a
substrate by suspending TE materials in the ink. Analychuk et al. (2011) discussed the use of
segmentation to increase the efficiency of bismuth telluride based layered modules. Kuznetsov et
al. (2002) investigated the use of both segmented and functionally graded modules using blends
of bismuth telluride as the TE material. Muller et al. (2003) and Muller et al. (2012) both
discussed functionally graded TE materials for power generation purposes.
Several different types of measurement systems that can determine the current and voltage
outputs from TE junctions and modules have been reported in the literature. Petsagkourakis et al.
(2018) review a number of thermoelectric applications that show the importance of comparative
testing of device power outputs. El-Genk and Saber (2003) used I-V curves to compare and
validate experimental data to a theoretical model for a segmented TE material couple in which
differences between experiment and modeling is attributed to heat losses and contact resistances.
Parveen et al. (2018) report a test procedure for applying decreasing load resistances while
increasing the heat source temperature to create a power profile for a manufactured module. Min
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et al. (2016) used a computer-controlled potentiostat from a commercial vendor to control the
load applied to a thermoelectric module to develop I-V power output curves. O’Halloran and
Rodrigues (2012) modified the Min’s approach to use a known resistance and a rheostat to vary
the load applied to a thermoelectric module to develop voltage and power output curves. This
last method may be considered to be the lowest cost method, but it is appropriate only for testing
an entire module output.
Regarding thermoelectric output and performance measurements, there has been some work
done to measure the outputs of modules and couples. Sarihk et al. (2020) discuss the
development of a pulse width modulation loading device using MOSFETs for characterizing
photovoltaic devices that produce up to 8.2A and 30.8V at maximum power output. For this
application, the MOSFETs are used as a variable resistor to provide the load for the output
measurements. The circuit described in this paper is able to measure smaller voltage and current
outputs than the published measurement capabilities of the circuit described in Sarihk et al.
Rivai et al. (2020) discuss a low cost I-V measurement circuit for use in evaluating photovoltaic
cells. The circuit described in their measurement uses a capacitor as the load instead of a resistor
bank. Van Dyk et al. (2002) uses a resistor bank with relays to evaluate 100 and 101 range I-V
output from an array of PV cells, but the circuit described in this work employs switches and
MOSFETs as resistor triggers, is capable of measuring 10-3 to 10-6 range for both voltage (V) and
current (A).
1.3 Thermoelectric Research Program Work
The thermoelectric research program began in 2008 at Maine Maritime Academy (MMA). The
initial research included a feasibility study into the use of TEGs in marine propulsion systems for
the production of usable electricity. The initial study involved the installation of an 180W TEG
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(Hi-Z Technology, Pasadena, CA) on board MMA’s R/V Friendship, a 40 foot lobster boat style
research vessel, seen in Figure 1.5. The preliminary research that was conducted had the goal of
investigating the mechanical feasibility of implementing a TEG on board a vessel and to
determine, if any, design considerations that would have to be addressed for a non-prototype
installation. The results gathered showed that TEGs could not only be implemented
successfully, but that the outputs of the TEG surpassed those of the manufacturer’s rated output,
due to the fact that the TEG was designed for a vehicular application where the temperature
differential is not a high as a marine application.

Figure 1.5: Initial TEG installation on board R/V Friendship
Because of the successful results of the initial testing, the research program expanded to the
creation of a thermoelectric hybrid vessel, seen in Figure 1.6. The hybrid vessel was created
using an encapsulated lifeboat, which was modified to utilize a diesel electric drive system
comprised of a diesel generator set (C2.2, Caterpillar), a variable frequency drive (VFD), and an
electric motor coupled to the propeller shaft. The hybrid vessel was intended as a further
demonstration of the mechanical viability of the implementation of TEGs in a full application.
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Differing from the initial work, where the power developed by the TEG was spent by a series of
resistive light bulbs, the electricity from the TEG was utilized as a fraction of the power for the
propulsion system for the hybrid vessel. As the drive system was a diesel electric, the electricity
from the TEG could be tied to the drive system bus, proving that the full implementation of a
TEG is viable.

Figure 1.6: Thermoelectric Hybrid Vessel
From the results garnered using the thermoelectric hybrid vessel, it was concluded that the 180W
unit did not have the capability to produce power at the level required to become a major
component in the electric drive system. A new thermoelectric heat exchanger design TEG
prototype, seen in Figure 1.7, was constructed that allowed for expansion of the thermoelectric
capability in the event that more power output was required. This design uses hot exhaust gases
from an internal combustion engine as the heat source and a coolant loop as the heat sink. The
results from this prototype design were less than optimal, as it generated approximately 30W
instead of the rated 200W. This was attributed to poor heat exchange on the heat source side due
to a lack of distributed flow and flow disruption. Another observation made from this testing,
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and all previous testing, is that the heat exchanger designs fail to meet the required design heat
flux of the thermoelectric modules without significant flow restriction.

Figure 1.7: Exhaust gas TEG design
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CHAPTER 2

MATERIAL DEVELOPMENT: MODELING

This chapter develops a number of material models to predict the energy conversion efficiency
for homogeneous TE materials, functionally graded TE materials, or sandwiched functionally
graded materials which are shown in Figure 2.1. The models may be used to effectively decide
what the proper TE materials are to match an appropriate heat flux.

Figure 2.1: TE leg cross sectional diagram for a) homogeneous material b) functionally graded
material and c) sandwiched functionally graded material with material 1 as the cold side material
2.1 Theory and Methods
Modeling energy efficiency of TE materials is based on the thermoelectricity. The basic
equations of thermoelectricity of general inhomogeneous TE materials with temperaturedependent properties for one-dimensional heat flow along the TE leg are: (Rowe, 2006)

Current flux: J 

E





S dT
 dx
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(2.1)

Heat flux: q  k

dT
 JST
dx

Energy conservation:

Charge conservation:

(2.2)

dq
 JE
dx

(2.3)

dJ
0
dx

(2.4)

In the above equations, T is the temperature, q is the heat flux, J is the current density, E is the
electric field, S is the Seebeck coefficient, k is the thermal conductivity, and ρ is the electrical
resistivity. For general inhomogeneous materials including functionally graded materials (FGM),
the material properties are functions of spatial position. The charge conservation means the
current density J is a constant.
The governing equation of the temperature distribution for functionally graded TE
materials can be derived from the above basic equations as follows

d 2T dk dT
dS
k


J
T   J 2
2
dx dx
dx
dx

(2.5)

The Seebeck coefficient, thermal conductivity, and the electrical resistivity are dependent on
temperature in each material configuration the model is studying, either homogeneous,
segmented, or graded, but depend on position for the graded case. In homogeneous and
segmented materials, the materials depend on temperature alone (S = S(T), k = k(T) and ρ =
ρ(T)), therefore the derivatives of material properties for Equation 2.6 are as follows.
dk
dk dT

,
dx dT dx
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dS
dS dT

dx dT dx

(2.6)

For the graded material case, the material depends on temperature and position (S = S(x, T), k =
k(x, T) and ρ = ρ(x, T)), therefore the derivatives become equation 2.7.
dk k k dT


,
dx x T dx

dS S dS dT


dx x dT dx

(2.7)

The ends x = 0 (cold junction) and x = L (hot junction) of the TE element are maintained
at temperatures Tc and Th, respectively. The boundary conditions for the temperature field in the
TE element are thus

T  Tc ,

x  0,

T  Th ,

xL

(2.8)

where, L is the length of the TE element.
A multilayered material model is used to solve the governing equation of the temperature. In the
multilayered approach, the leg of the material is divided into N+1 layers, where N is a large
number (in the following numerical calculations, it is found that converged results are obtained
with 49 layers). Each layer is given a set of homogeneous properties and boundary conditions,
whether the model is investigating a homogeneous, segmented, or graded material. Figure 2.2
shows how the TE leg in each study are broken down into the individual layers.
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Figure 2.2: An example of the discreet N+1 layers along the TE leg used for temperature
modeling
Once the temperature is obtained, the energy conversion efficiency can be calculated using
equation 2.9.
L

Pout  L dT
2

  J  S dx  J  dx
Aq h  0 dx
0


dT 

 JST  k dx 
xL

(2.9)

where, the output power is
L

L

Pout  A JEdx  J  S
0

0

L

dT
dx  J 2  dx
dx
0

(2.10)

and the input heat flux at the hot junction is

dT


qh    k
 JST 
dx

 xL

(2.11)

Using the multilayered material model, the energy conversion efficiency  of for functionally
graded TE materials and sandwiched TE materials can be determined as follows



N

N

n 0

n 0

J  S n Tn1  Tn   J 2   n hn
T  TN 1
 kN h
  N J 2 hN  JS N Th
hN
2
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(2.12)

where, Tn (n = 1, 2, … N) are the temperatures at the interfaces between the layers, T0 = Tc, TN+1
= Th, hn the thickness of the nth layer, and Sn, ρn and kn are the Seebeck coefficient, electrical
resistivity and thermal conductivity of the nth layer, respectively. The temperature profile can be
solved for in a number of methods. The model studied two separate methods of predicting the
characteristics of the TE material, exponential and sigmoidal functions, which both have unique
temperature profile solutions.
2.1.1 Exponentially Graded Materials with Temperature Independent Properties
Modeling the material’s TE characteristics, Seebeck coefficient, thermal conductivity, and
electrical resistivity, was done using exponential functions in Equation 2.13.
,

(2.13)

where, S0, k0 and ρ0 are the TE characteristics at the cold side of the material at Tc, and β and γ
are constants given by Equation 2.14.
(2.14)

,

If these functions are substituted into equation 2.5, then equation 2.15 is determined, as shown
below.
(2.15)

The layered material model is not necessary for the exponentially graded material because a
closed form solution can be found by solving for the temperature in the nonhomogeneous
ordinary linear differential equation. The solution has three cases, shown in the equations of
equation 2.16.
,
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(2.16a)

(2.16b)
(2.16c)
where, C and Ci (i=1, 2…6) are the constants of integration and λ, λ1, and λ2 are given by
(2.17)

(2.18)

The integration constants can be found by applying the boundary conditions from equation 2.8.
The constants are shown in Equation 2.19.

(2.19)

By substituting the temperature profile, with its constants, into equation 2.12, the efficiency
equation, the closed form solution for the TE conversion efficiency is found and is shown in
equation 2.20.

15

(2.20)

2.1.2 Functionally Graded Materials with Temperature Dependent Properties
The multilayered material model is used to obtain the temperature profile and the energy
efficiency. Because each layer is modeled as a homogeneous material, the governing equation
for the temperature in the nth (n = 0, 1, 2, …, N) layer is reduced to

kn

d 2T
 n J 2 ,
2
dx

n  0,1,..., N

(2.21)

where, kn and n are the thermal conductivity and electrical resistivity of the nth layer,
respectively. They take the corresponding values of the TE material at the center of the layer.
The boundary conditions for the temperature in the nth layer are:
T  Tn ,

x  xn ,

T  Tn1 ,

x  xn1

(2.22)

where, xn and Tn (n = 0, 1, 2, … N) are the interface coordinates and the temperatures at the
interfaces between the homogeneous layers with x0 = 0, xN+1 = L, T0 = Tc and TN+1 = Th.
The temperature in the nth layer can be obtained from the above two equations as follows
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T  Tn 





2
Tn1 T n
x  xn    n J x 2  hn  2 xn x  hn xn  xn2 ,
hn
2k n

xn  x  xn1

(2.23)

The above solution satisfies the temperature continuity conditions at the interfaces between the
homogeneous layers. The unknown interface temperatures Tn (n = 1, 2, ..., N) are determined
from the following heat flux continuity conditions across the interfaces

qn1 | x x   qn | x x  ,
n

n  1,2,..., N

(2.24)

n

Substituting the temperature with heat flux given in equation 2.5 into the above equation yields
the following system of equations for the interface temperatures
N

 amnTn  bm ,

m  1,2,..., N

(2.25)

n 1

The interface temperatures Tn (n = 1, 2, ..., N) can be obtained from the above equations with the
following recurrence relation
~
b
TN  ~ N ,
a NN





1 ~
Tn  ~ bn  an ( n1)Tn1 , n  1,2,..., N  1
ann

(2.26)

where,
~ a ,
a
11
11

~
b1  b1 ,

~  a  a( n1) n an ( n1) , n  2,3,..., N
a
nn
nn
~
a
( n 1)( n 1)

~
~
bn1
bn  bn  ~
an ( n1) , n  2,3,..., N
a( n1)(n1)

and the coefficients ann, an(n-1), a(n-1)n and bn are given by
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(2.27)

(2.28)

an ( n1)  

k n1
,
hn1

n  2,3,..., N ,

k

k
ann   n1  n  JSn  JSn1 ,
 hn1 hn

k
a( n1) n  n1 ,
n  2,3,..., N
hn1
b1  

n  1,2,..., N ,

(2.29)

k0
1
Tc  J 2  0 h0  1h1 ,
h0
2

1 2
J  n1hn1   n hn ,
n  2,3,..., N  1,
2
k
1
bN   N Th  J 2  N 1hN 1   N hN 
hN
2

bn  

(2.30)

Because of the temperature dependence of not only the TE material properties, but the ann and bn
coefficients as well, the properties of each layer are calculated at the mean temperature of the
layer, therefore Tnm = (Tn + Tn+1)/2 (n = 0, 1, …, N). An iterative solution technique was used to
determine the interface temperatures Tn (n = 1, 2, ..., N).
The functionally graded TE material is modeled as a two-phase composite. The composition
continuously varies from constituent material 1 at the cold end to constituent material 2 at the hot
end. The material gradation can be described by the volume fraction of material 2. The
following sigmoidal function, equation 2.31, for the volume fraction of material 2 was used in
the numerical calculations because it allows for a volume based balance of the different TE
material properties
n

2 xint /Lint  / 2, 0  xint  Lint / 2
V2  
n

1  2  2 xint /Lint  / 2, Lint / 2  xint  Lint

where, n is the sigmoidal function’s power index.
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(2.31)

The power index of the sigmoidal function determines the rate of gradation, therefore a high
power index creates a defined interface allowing for multiple homogeneous materials to be used.
The material properties are modeled using two differing approaches. The electrical conductivity
and thermal conductivity are modeled using equation 2.32 (Kerner, 1956), which describes a
local conductivity as a function of a volume fraction, shown in equation 2.31. The electrical
resistivity was then found by taking the reciprocal of the electrical conductivity. The Seebeck
coefficient was modeled using the law of mixtures, shown in equation 2.33. Both equations
show how each material property is varied by a volume fraction amount, which allows for a
gradation of the material through its thickness dependent on the position.
(2.32)

S  1  V2 S1  V2 S 2

(2.33)

Figure 2.3 shows how the sigmoidal function can be used to create differing variances of
gradation profiles, either by a linear gradation by using n=1 or simulate a sharp transition of
materials (no gradation layer) by choosing a n greater than or equal to 100.
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Figure 2.3: Sigmoidal function for the volume fraction with variable indexing power n
In the first step of computation, the temperature solution is obtained by neglecting the
temperature dependence of material properties and the properties are evaluated at the average
temperature Tave = (Tc + Th)/2. In the next iteration, the coefficients ann, an(n-1), a(n-1)n and bn in
Equations 2.29 and 2.30 are calculated with the material properties determined using the
temperature obtained in the previous iteration step. The interface temperatures are recalculated
using the recurrence relation in Equation 2.26, and continues iterating until the solution is
converged.
In this study, the materials used at the cold side and the hot side of the TE element were,
respectively, a nanostructured Bi2Te3 and PbTe. The gradation layer, in either case of studying
the full thickness gradation or the sandwiched gradation layer, is a blend of both materials, hence
the use of volume fraction material properties in Equations 2.32 and 2.33. For comparison
purposes, numerical results are also presented for a bulk, or regular, p-Bi2Te3, a nanostructured
p-Bi2Te3 and a nanostructured p-PbTe. The properties for the bulk Bi2Te3 are taken from Rowe
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(2006) and nanostructured Bi2Te3 and PbTe are from Lan et al (2010). Table 2.1 lists the material
properties at 300 K. Equation 2.34 shows the cubic equations that are used in the model to
predict the TE material properties. The equations show that the predicted material property starts
at the cold side homogeneous cold side material’s property at T=Tc and goes to the hot side
material’s property at T=Th. Cubic equations are used to ensure a curve fit with a correlation
value between 0.9 and 1, therefore a very good fit.
α [µV/K]

κ [W/m*K]

ρ [10-5 Ω*m]

Bulk Bi2Te3

174.1

0.9658

0.934

Nano Bi2Te3

190.8

1.19

0.82

Nano PbTe

138.58

2.4

1.71

Table 2.1: TE properties of bulk Bi2Te3, nanostructured Bi2Te3, and nanostructured PbTe at
300K


 T  Tc
T  Tc
S  S c 1  a1S
 a 2S 
Tc

 Tc


 T  Tc
  a3S 

 Tc


 T  Tc
T  Tc
k  k c 1  a1k
 a 2k 
Tc

 Tc


 T  Tc
  a3k 

 Tc
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 T  Tc
T  Tc
   c 1  a1
 a 2 
Tc

 Tc

2

2

3

3
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 T  Tc
  a3 

 Tc


,










3

(2.34)





where, S c , k c and  c are the properties at the cold end, i.e., at 300 K in the numerical
calculations, and the ai coefficients are the curve fit coefficients.
S

k



The coefficients ai , ai , and ai (i = 1, 2, 3) in equation 2.18 are listed in Table 2.2. The
functions for each of the TE material properties can be seen in Figures 2.4, 2.5, and 2.6, which
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show the non-dimensional dependence of the Seebeck coefficient, thermal conductivity, and
electrical resistivity on the non-dimensional temperature.
Material

Seebeck Coefficient

a1S

a 2S

Thermal Conductivity

a3S

a1k

Electrical Resistivity

a1

a3k

a 2k

a2

a3

Bulk
Bi2Te3

0.9386

-1.3375

0.2693

0.4452

-2.2547

2.9601

1.0494

5.5779

-5.8316

Nano
Bi2Te3

0.6292

-0.7975

0.0364

-0.7277

1.389

-0.2522

1.3258

2.2064

-1.6137

Nano
PbTe

1.0878

0.2379

-0.3858

-0.8868

0.6022

-0.1778

0.7257

0.5364

-0.188

Table 2.2: Coefficients in the temperature-dependent properties of TE materials
Nondimensional Seebeck coefficient

Nondimensional Seebeck Coefficient

Bi2Te3

Nano Bi2Te3

Nano PbTe

2.1
1.9
1.7
1.5
1.3
1.1
0.9
0.7
0.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Nondimensional Temperature

Figure 2.4: Non-dimensional dependence of the Seebeck coefficient on non-dimensional
temperature
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Nondimensional thermal conductivity

Nondimensional thermal conductivity

Bi2Te3

Nano Bi2Te3

Nano PbTe

1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Nondimensional Temperature

Figure 2.5: Non-dimensional dependence of thermal conductivity on non-dimensional
temperature
Nondimensional electrical resistivity
Bi2Te3

Nano Bi2Te3

Nano PbTe

Nondimensional electrical resistivity

3.0
2.5
2.0
1.5
1.0
0.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Nondimensional Temperature

Figure 2.6: Non-dimensional dependence of electrical resistivity on non-dimensional
temperature
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2.1.3 Sandwiched FGM Modeling
The sandwiched FGM modeling uses the same approach as the graded material solution method.
The difference is that the gradation layer that uses a blend of both materials is now in between a
homogeneous layer of the cold side material and a homogeneous layer of the hot side material.
This theoretically eliminates the concern of the material compatibility and matching the
temperature in the element to make the compatibilities match, and this also eliminates the contact
resistances at the interface between the two materials that would occur with segmentation. The
contact resistance would impact the overall electrical resistivity of the element, which decreases
the performance and figure of merit. Different thicknesses of the gradation layer were used to
determine whether this would improve the conversion efficiency.
2.2 Numerical Results and Discussion
The following sections describe the results for each of the modeling techniques, the model using
the exponential functions for the material properties ignoring the temperature-dependence of the
properties, and the fully graded and sandwiched interlayer material method using the sigmoidal
volume fraction property calculations. The three P-type materials used in the numerical
calculations, regularly structured bulk Bi2Te3, nanostructured Bi2Te3, and nanostructured PbTe
have different thermoelectric properties, as seen by comparing the non-dimensional property
Figures 2.4, 2.5, and 2.6. Figure 2.7 shows that the figure of merit is also different for the three
materials. However, as is seen in the figure, the trend for the two types of P-type bismuth
telluride is similar, but offset. The difference between the two, including the higher zT of the
nanostructured, can be accounted for by the smaller grain size of the nanostructured, which
decreases the thermal conductivity. (Lan, 2010)
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Figure of Merit
Bi2Te3
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nano PbTe
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Figure 2.7: Figure of merit for P-type bulk Bi2Te3, nanostructured Bi2Te3, and nanostructured
PbTe as temperature is varied
Figure 2.8 shows the predicted efficiency increase due to using the nanostructured P-type
bismuth telluride in place of the bulk bismuth telluride. This figure shows, from the modeling
results using a hot side temperature of 530K, that the use of the nanostructured bismuth telluride
will ensure an efficiency increase of approximately 10%.
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Regular and Nanostructured Bi2Te3
Nano

Regular

0.10

Efficiency
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2

Current Density [A/cm ]

Figure 2.8: Study of efficiency difference for homogeneous Bi2Te3 and nanostructured Bi2Te3
under a 530K hot side temperature loading condition
Thermoelectric material compatibility is a concern when combining two similarly doped
materials. Having compatible TE materials will ensure that the phonon scattering will pass
through any material transition layers. The compatibility factor, or s, is a comparative term
similar to the figure of merit, and two materials are said to be compatible if their compatibility
factors are similar. This term is a ratio of its figure of merit, temperature and Seebeck
coefficient, shown in equation 2.35. (Snyder and Ursell, 2003)
(2.35)
Figure 2.9 shows the compatibility factor as the temperature of the material is increased. As is
shown, the regular and nanostructured bismuth telluride data lines are very similar to each other,
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but both are very different than the lead telluride data. In order for the two materials to be
compatible, they have to have similar compatibility factors, as explained previously. According
to this material data, the nanostructured bismuth telluride and lead telluride only approach
compatibility at a temperature of 525K, which is within the modeling temperature range used.

Figure 2.9: TE material compatibility study for Bi2Te3, nanostructured Bi2Te3, and
nanostructured PbTe for various temperatures
A study was completed using the modeling described in this chapter on the temperature
dependence of the thermoelectric material properties. As is seen in Figures 2.10 and 2.11, which
show the study’s results for the nanostructured bismuth telluride and lead telluride, the
temperature independent results for the homogeneous materials have a larger current density
range than the temperature dependent results, and, in the case of bismuth telluride, a higher peak
efficiency. As is shown in Figures 2.4, 2.5, and 2.6, the non-dimensional TE property figures,
the material properties are indeed dependent on temperature. Although the exponential modeling
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explained in section 2.1.1 is temperature independent, it still is valid in the case that the TE
properties are controlled by the designer, making the closed form solution valid.
Nanostructured Bi2Te3
Temp Ind

Temp Dep
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Efficiency
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0.00
-80
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-20

-10

0

Figure 2.10: Temperature dependence study on efficiency for nanostructured Bi2Te3 at a hot side
temperature of 530K
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Nanostructured PbTe
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Figure 2.11: Temperature dependence study on efficiency for nanostructured PbTe at a hot side
temperature of 530K
2.2.1 Exponential Modeling Results
The following figures show the results of utilizing the exponentially graded material functions
from equation 2.7.

These results are temperature independent, as discussed, but are valid in the

sense that the properties are designer controlled. Figures 2.12, 2.13, and 2.14 show the predicted
efficiency of the thermoelectric blended material as the current density is varied using the
material characteristics for the nanostructured Bi2Te3 as the cold side material and a hot side
temperature of 630K. Each figure uses a value of 1.0, 0.0, and -1.0 for the β natural logarithm
property ratio, where β = 0 is a homogeneous material and no gradation. Figure 2.12 uses a γ
natural logarithm electrical resistivity property ratio of 1.0, Figure 2.13 uses γ = 0.0 and Figure
3.14 uses γ = -1.0. In each study, a β = 1.0 shows an efficiency advantage over β = 0.0 and β =
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-1.0. This is logical, as the positive natural logarithm would indicate an increasing Seebeck
coefficient, increasing the power output. Figure 2.14 shows that the efficiency of the blended
material is higher with a γ = -1.0 when compared to the two previous results graphs for γ = 1.0
and γ = 0.0. This is attributed to a decreasing electrical resistivity, which also increases power
output, because of the negative natural logarithm ratio.

Figure 2.12: Energy conversion efficiency versus the electrical current density for various
values of gradation parameter β (γ = 0).
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Figure 2.13: Energy conversion efficiency versus the electrical current density for various
values of gradation parameter β (γ = 1).

Figure 2.14: Energy conversion efficiency versus the electrical current density for various
values of gradation parameter β (γ = -1).
2.2.2 Graded Material Results
Figures 2.15 and 2.16 show the results of a thermoelectric element that is functionally graded
throughout its entire thickness. The material is a blend of nanostructured bismuth telluride and
lead telluride. The study was run using two hot side temperatures, 530K (Figure 2.15) and 630K
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(Figure 2.16), an element thickness of 5mm, and a gradation index of n=1. As the results show,
the efficiency of the material is increased when compared to the homogeneous lead telluride in
both the 530K and 630K studies. As these figures show, the graded material’s efficiency is
predicted to be lower than even the homogeneous bismuth telluride but higher than the lead
telluride in both the high temperature and low temperature applications. Both of these results can
be attributed to having PbTe blended into the cold temperature region near the cold side of the
TE element and having Bi2Te3 in the hotter temperature region near the hot side of the TE
element. The improvement in the FGM results in higher hot side temperature study can be
attributed to the higher performance of the PbTe at the higher temperatures.

Figure 2.15: Study on 530K hot side temperature of homogeneous and FGM material of
nanostructured Bi2Te3 and PbTe
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Figure 2.16: Study on 630K hot side temperature of homogeneous and FGM material of
nanostructured Bi2Te3 and PbTe
2.2.3 Sandwiched Gradation Layer Results
The multilayered model was used to predict what the output of a sandwiched thermoelectric
material would be. The materials used for the cold side and hot side material were P-type
bismuth telluride and lead telluride and the two materials are separated by a gradation layer, in
an arrangement seen previously in Figure 2.1(c). As a control study, a segmented material was
first studied. Figure 2.17 shows the results of this study for varying thicknesses of the bismuth
telluride layer (1mm, 2mm, and 3mm), with an overall thickness of 5 mm, a gradation index (n)
of 1000 to ensure a sharp material transition, a hot side temperature of 630K and a cold side
temperature of 293K. This figure shows that the peak efficiency for the segmented material is
with the 3mm bismuth telluride layer, but is a lower efficiency than for a homogeneous element
of bismuth telluride, seen in Figure 2.10. This is because the output of bismuth telluride is lower
at the higher temperature, seen in the figure of merit graph of Figure 2.7, where the lead telluride
begins to have better properties.
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Figure 2.17: Study on effect of thickness of Bi2Te3 layer with no gradation layer interface
Because this study investigates a segmented element, the contact resistance must be taken into
account. The study described in Figure 2.17 was performed assuming a contact resistance of 0.1
μΩ-m2. Figure 2.18 shows the effect of additional contact resistance values on the segmented
element with the transition interface at the midpoint of the material thickness, a hot side
temperature of 630K, and ranges the contact resistance from 0.001 to 1.0 μΩ-m2. As is seen, the
contact resistance can potentially reduce the peak efficiency by nearly 20%, as the efficiency
decreases from 0.103 to 0.084.
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Effect of contact resistance
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Figure 2.18: Energy efficiency versus contact resistance for a segmented nanostructured
Bi2Te3/PbTe
The next studies, shown in Figures 2.19 and 2.20, show the predicted efficiency of utilizing a
sandwiched graded interlayer between the bismuth telluride and the lead telluride. Figure 2.19
shows the results of using a 1mm thick graded interlayer between the bismuth telluride and lead
telluride. The thickness of the bismuth telluride layer was varied from 1mm, 2mm, and 3mm, so
conversely, because the overall element thickness was held at 5mm, the lead telluride thickness
is 3mm, 2mm, and 1mm. The test was conducted using a 630K hot side temperature and an n=1.
The results show that there was an improvement in both the 1mm and 2mm thick bismuth
telluride layers, but a reduction in efficiency was seen in the 3mm bismuth telluride thickness,
when compared to the results of Figure 2.18. This reduction can be attributed to the bismuth
telluride now being subjected to an even higher temperature than in Figure 2.18, as it is used in
the graded interlayer, so its properties are even lower than the previous study.
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Sandwiched Bi2Te3-PbTe with 1mm graded interlayer
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Figure 2.19: Study on effect of thickness of Bi2Te3 layer with 1mm gradation interface
Figure 2.20 shows the results of a study conducted using a 0.5mm graded interlayer thickness in
a sandwiched FGM element configuration. This study was conducted using a hot side
temperature of 630K and an n=1. The results show that there was an increase in the efficiency
for the 1mm and 2mm bismuth telluride thicknesses when compared to the results in Figure 2.17,
and a slight increase when compared to the results in Figure 2.19. The efficiency is lower than
that of Figure 2.17, but is higher than the results of Figure 2.19.
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Sandwiched Bi2Te3-PbTe with 0.5mm graded interlayer
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Figure 2.20: Study on effect of thickness of Bi2Te3 layer with 0.5mm gradation interface
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CHAPTER 3
MATERIAL DEVELOPMENT: FABRICATION

A P- and N-type bismuth telluride thermoelectric material was fabricated using a hot pressing
technique. The material has three different particle sizes, bulk, 40 nm and 100nm and the
thermoelectric properties, i.e., Seebeck coefficient, thermal conductivity and electrical resistivity,
were measured for the P-type.
3.1 Fabrication Methodology
Although thermoelectrics can be manufactured by many different means, the Frontier Institute
for Research in Sensor Technologies (FiRST) has the capability to manufacture semiconductor
materials. A process of grinding raw materials and dye pressing the particles into pellets was
selected and is described in this chapter.
3.1.1 Raw Material Preparation
Raw N-type Bi2Te3 and P-type Bi0.5Sb1.5Te3 were procured in a bulk pellet form (Sigma Aldrich)
at a 99.99% purity level. The pellets were ground down into a fine powder using an
amalgamator (Analog Wig-L-Bug, Cresent), which uses an electric motor shafted to a cammed
lever arm to vibrate a capsule that forces the agitation of a ball bearing inside the capsule to mix
or grind the contents. Figure 3.1 shows the amalgamator and grinding capsule.
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Figure 3.1: Amalgamator mixing device
To ensure that the powder used to form the TE elements contains particles of the desired size,
which was less than or equal to 5 microns, a series of sieves (Scienceware sieve, Bel-Art) were
used with 90 and 150 micron mesh screens. Figure 3.2 shows the sieves and an example of a
mesh screen.

Figure 3.2: Sieve cylinders and an example of a sieve mesh screen
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A series of grinding runs were completed using the amalgamator to determine a grinding process
that would produce the highest yield of small particle sizes by varying the ball bearing size in the
grinding capsule. The study was comprised of the use of a single ¼” ball bearing, which is the
standard bearing size from the manufacturer, two 3/16” ball bearings, and three 5/32” ball
bearings, and used a mortar and pestle process as a control. Once the resulting powder was
passed through the sieve, the percent mass of material was determined by comparing the mass of
the material that passed through the sieve compared to the mass of material before sieving, an
example of this is shown in Figure 3.3. The results of this study are shown in Figure 3.4. The
5/32” ball bearing showed the highest percentage yield.

Figure 3.3: Material powder after amalgamator crushing (left) and after sieving (right)
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Figure 3.4: Grinding study performed on Bi0.5Sb1.5Te3 using varying size ball bearings
Once the powder is separated by size through the sieves, the leavings are characterized and size
verified by the use of two methods; a scanning electron microscope (SEM), and a particle
dispersion analyzer (LUMiSizer 610, LUMAmerica).
When using the SEM, there is a procedure that must be followed to ensure proper conduction of
the electrons to produce a quality image, and that includes distributing a single layer of the
powder sample evenly across the stamp’s carbon tape adhesive and then sputtering a conducting
material layer across the sample, seen in Figure 3.5 on the left. In this case, the sputtering device
(108 Auto, Cressington Scientific), seen in Figure 3.5 on the right, used a gold and platinum
mixture to deposit a 15nm layer of the conducting material across the sample. A thickness of
15nm was used to ensure a proper amount of conduction while making the layer significantly
thinner than the sample powder thickness. The sputtering device was operated for 40 seconds at
40mA under an argon gas purge, as directed by the laboratory guidelines, to produce a 15nm
layer of conducting material.
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Figure 3.5: An example of a prepared SEM sample stub (left) and sputtering device (right)
The resulting powders were then analyzed for particle size using the SEM. An example of an
SEM image is seen in Figure 3.6, which shows an agglomeration of particles that makes the
average particle size difficult to determine. What is clear from the image is that many of the
particles are much larger (>10 µm in diameter) than desired and are not of uniform size.

Figure 3.6: Example of thermoelectric raw materials at 350x magnification in the SEM
In order to separate the particles, a few milliliters of deionized water was added to each of the
powders to break the static electricity bond holding them together. The use of the water means
that the smaller particles are put into solution, which allowed them to be analyzed by the
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dispersion analyzer, which was used to determine the amount of particles and the size
distribution of the particles that were held in suspension. An example result of one of these
studies are shown below in Figure 3.7, which shows the particle size distribution of the particles
generated by using two 3/16” ball bearings. As is shown in the figure, only particles up to 3
microns were held in suspension in the deionized water, as the volume weighed particle
distribution ends at approximately 3 microns, which is inside the desired particle size range
discussed in Section 2.4.

Figure 3.7: Particle suspension results for 3/16” ball bearing grinding study
As can be observed from the above results from the amalgamator grinding, the yields were low
and inconsistent. This is partly due to the raw milled materials aggregating together, as seen in
Figure 3.6, which is caused predominantly by static electricity. The amalgamator design was not
intended for ball grinding materials, as it is used for mixing fluid materials, but as a proof of
concept, the ball grinding was possible. From these two conclusions, it was identified that
different equipment and processes were needed to overcome the two issues.
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3.1.2 Material Ball Grinding with Polymer
An industrial ball grinder was procured and used to produce more repeatable and consistent
particle sizes. A 2-3g amount of sample was weighed out into a zirconia oxide bowl containing
different sizes (0.1 mm or 1mm) zirconia oxide shots to grind the sample. Due to the tendency
of the small particle to aggregate and reform into larger masses of small particles, the ball
milling was performed in the presence of water and a polymer, polydiallyldimethyle ammonium
chloride, to coat the individual small particles to avoid static electricity and Van Der Waal
attraction. 40% w/w of polydiallyldimethyle ammonium chloride was added with 6 mL of
deionized water in a separate beaker and stirred for 30 minutes for proper mixing. The polymer
aids the separation of the materials as a powder. It may affect the physical characteristics of the
material, however, such as electrical and thermal conductivities, due to the inherent voids in the
material and any possible insulating characteristics of the polymer. The polymer has a boiling
temperature of 286 oC; therefore the material’s temperature must be raised above than this
threshold to evaporate the polymer from the material pellet. The polymer-water mixture was
then added to the zirconia bowl containing the bulk sample and was ball milled for 30 minutes at
1100 rpm to get a colloidal mixture of the material. After 30 minutes of ball milling, the mixture
was filtered using deionized water to separate the zirconia shots from the suspension and then the
sample was dried to get the desired nanoparticles. To reduce the contact resistance for N-type
bismuth telluride, the N-type bulk material was mixed with 1% w/w antimony triiodide before
ball milling. Figure 3.8 shows SEM imaging of the ground material in particle sizes ranging from
40nm to 300nm.
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Figure 3.8: SEM imaging of different particles size distribution of bismuth telluride particles
ranging from 40 nm to 300 nm achieved by high power ball milling of bulk material
3.1.3 Pellet Construction
Pellets of both the P and N type materials were constructed using a hydraulic press and pellet
dye. The pellets were created with a 3 mm diameter and 4 mm thickness to be comparable to the
industrial control sample.
Initially, the pellets were first cold pressed and then annealed. The pellets were annealed at 200
o

C, 250 oC, 300 oC, 350 oC and 400 oC. It was observed, macroscopically, that fractures were

present in the pellets when annealed. Thermogravimetric analyses (TGAs) were conducted on
the pellets to determine the mass fraction of remaining polymer. The results of the annealed
TGAs are shown in Figure 3.9. This figure shows that the polymer begins to evaporate at an
approximate temperature of 220 oC and continues through 450 oC, but is largely removed by 300
o

C. This shows that the temperature range for the annealing process was too wide for the
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polymer removal, as the polymer has an evaporation temperature of 286 oC, it should be
removed between the 250 oC and 300 oC, which is seen in Figure 4.9.

Figure 3.9: TGA analysis of removal of ball milling polymer from nanoparticle P and N type TE
material
To alleviate the macroscopic cracking, the hydraulic press was converted to a hot press using an
electric barrel heater (Watlow). The barrel heater was adapted to the pellet press dye and was
controlled by a PID controller (Solo SL4824, Automation Direct). The pellets were hot-pressed
at 200 oC, 250 oC, and 300 oC.
3.2 Material Property Characterization
A thermoelectric device can be characterized by measuring the three properties that define its
figure of merit; electrical conductivity or resistivity, Seebeck coefficient, and thermal
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conductivity or resistivity, as discussed in previous sections. A measurement of these
characteristics was performed at Cornell University using their laboratory machinery and are
shown in Figures 3.10 through 3.12. There was an issue with the testing apparatus and a full set
of results was not gathered. A data set for P-type for resistivity was not gathered, nor was the
Seebeck coefficient or thermal conductivity for the 200 oC pellet, hence why the 250 oC and 300
o

C data set appears that the resistivity was zero.

Figure 3.10: Resistivity results for N-type 40nm pellet as measured

Figure 3.11: Seebeck coefficient results for P-type (left) and N-type (right) 40nm pellets
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Figure 3.12: Thermal conductivity results for P-type (left) and N-type (right) 40nm pellets

3.3 Device Fabrication
For the thermoelectric device, the traditional π shaped couple was selected (Figure 3.13), as it is
comparable to most conventional thermoelectric devices commercially available, and more
specifically, the same architecture as the industrial couple that was used as the control sample.
The couples were formed by pressing the P-type and N-type pellet of interest by the fabrication
method of interest, either cold pressing or hot pressing at a defined temperature and using a
silver epoxy (EPO-TEK H20E, Epoxy Technologies, Inc.) to cement the pellets onto 99.999%
pure copper contact pads to create the electrical conduction bridges.

Figure 3.13: Example of laboratory manufactured thermoelectric couple
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CHAPTER 4
DEVICE TESTING
Device testing was conducted in a multipronged approach using commercially available
materials assembled as both couples and modules. The commercial materials were used as a
comparative baseline to the materials developed in the laboratory at FiRST.
4.1 Couple Device Testing
The thermoelectric P-type and N-type materials described in the previous section were fabricated
and were placed in series, electrically, using copper contact pads. The couples were then placed
inside a clamp to hold the appropriate testing apparatus together, depending on which test
procedure was performed. The couples were measured and evaluated using couples as both a
Peltier cooler and a Seebeck power generator. Both methods were used to compare performance
in either setting.
4.1.1 Couple Peltier Testing
The Peltier testing of the laboratory thermoelectric elements was first conducted using a vacuum
chamber at FiRST. The chamber was used to reduce the amount of convective heat loss during
the heat transfer and energy transfer processes, thereby limiting the primary mode of heat
transfer to conduction. Vacuum in the chamber was brought down to a range of 10-5 to 10-8 torr
for the experiment. Figure 4.1 (top) shows the vacuum chamber with the Peltier test source
meter and thermocouple meter at FiRST. Additionally, Figure 4.1 (bottom left) depicts the
Peltier clamping apparatus and (bottom right) the clamping apparatus as installed inside the
vacuum chamber. Aluminum blocks were used on both the hot and cold side of the
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thermoelectric couple to give structure to the clamping mechanism and also to provide a stable
heat sink on each side. Small holes were drilled into each block near the thermoelectric couple
contact surface to provide a location to install thermocouples for measuring the temperature rise
or decrease on the hot and cold side of the couple, respectively. Because aluminum blocks were
used as heat sinks, the couples needed to be electrically isolated from the aluminum blocks to
prevent electrical shorting, therefore alumna ceramic plates were cut to match the heat
conduction surface area size of the couples and placed on both the hot and cold side of the
couple.
To conduct Peltier testing, a DC current was applied through the thermoelectric couple using a
DC power supply source meter (Model 2400 Source Meter, Keithley). Current was increased
across the couple from 0-1A, while using the source meter to also measure voltage applied. The
temperature rise on the hot side and cold side of the thermoelectric couple was measured using
type K thermocouple wire and a thermocouple meter (Model 52II, Fluke). The temperatures,
voltages, and currents were recorded manually at the end of each power setting, which was run
for 3-minutes per setting, until the final load setting, 1A, which was recorded once at the 3
minute mark and again at the 6-minute mark. These time intervals were selected to allow
adequate time for the couples to come to thermal steady state at each load setting. The intervals
were also kept short enough to allow the chamber and couple to cool down between data sets to
maintain the capability to capture multiple data sets in a day. Load settings used were 0A, 0.1A,
0.2A, 0.5A, 0.75A, and 1A, which was the maximum rating for the source meter. There was no
discernable change in hot or cold side temperatures at the lower load settings, therefore an
expedient increase from the 0.2A setting to the 0.5A setting was used in the test protocol.
Current was passed through the couple in an arbitrarily selected direction for the first data
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acquisition run. This direction was designated as the forward direction. After the conclusion of
a single data run, the unit was allowed to cool and come back to thermal equilibrium before
another test was conducted. The polarity of the applied current was switched for the second data
run by swapping the leads on the source meter. This current direction for the second run was
designated as the reverse direction. The vacuum chamber and thermoelectric couple clamping
apparatus were not disturbed between data runs. A baseline control data set was conducted using
a couple taken from a commercially available device (HZ14, Hi-Z Technologies Inc.). This
couple was tested twice to verify repeatability. Repeatability was verified after the testing results
returned two runs that were identical.

Figure 4.1: Top, The vacuum chamber Peltier testing setup at FiRST, bottom left, Peltier clamp
test apparatus and, bottom right, thermoelectric element as installed and instrumented in the
vacuum chamber clamp apparatus
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Peltier testing of the laboratory fabricated material by first constructing a couple comprised of a
bulk P-type and bulk N-type bismuth telluride pellet, each formed by hot pressing at 300 oC. The
couple was configured in the π shaped couple as described in Section 3.3 and shown in Figure
4.2. Using the clamp method and testing procedure described previously, the couple was placed
into the vacuum chamber and four test runs were completed in either current polarity.

Figure 4.2: Pictures of bulk P and N couple epoxied to Cu contact pads using Ag paste
Figures 4.3 through 4.6 show the results of four runs of the forward polarity current flow
direction for the bulk P-type and bulk N-type material couple. Figure 4.3 depicts the voltage
drop across the TE couple as the input current was increased. As seen in the figure, the voltage
drop across the fabricated couple was considerably higher than the voltage drop across the
commerical couple, by a factor of 3-4 times. Voltage is higher at the beginning of the
commerical couple test run, as well as the beginning of the first fabricated couple run. These
higher voltages are a result of the source meter outputing 1 volt at the 0 amp setting. Therefore
with no current flow, the source meter automatically read an open circuit voltage of the preset 1
volt. This default was acknowledged and addressed in subsequent runs, as noted in the 0 A
results for runs 2 through 4 (Fig. 4.3). The final observation made is that, although all four runs
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converge to a similar load result, there seems to be a “baking in” of the couple. Figure 4.4 shows
the power input (calcuated as the voltage drop multiplied by the current input) to the couple
versus the temperature differential generated across the couple. The graph in Figure 4.4 reveals
a trend: As the number of runs increased, similar temperature differentials were created by
increasing the amount of power input. This means that in order to create the same temperature
differential, more power would need to be applied across the couple each subsequent run.
Respectively, Figures 4.5 and 4.6 depict the hot side and cold side temperature measurements as
current input was increased. The graphs in Figures 4.5 and 4.6 were corrected for temperature
offset as each test run began. Both graphs show a generalized increase in temperature as current
is increased. In the case of the hot side temperature, it would be expected that the temperature
would increase quickly to a set point and then stabilize to an asymptote. On the other side of the
couple, one would expect that the cold side may increase in temperature slightly as the current
was increased, but overall drop in temperature or maintain a semblance of an asymptote across
the full test run. These two graphs are indicative of Joule heating inside the couple. The Joule
heating may also explain the “baking in” of the couple as well as the required power input
increase for a certain temperature differential. The increased Joule heating in the couple is
caused by the six silver epoxy connections. The silver epoxy compound was used not only to
attach both ends of the P- and N-type pellets to the copper strips, but also to attach the copperlead wires to the copper block. Since the copper wires did not make direct contact with the
copper strips (because of the layer of epoxy under the copper wire to ensure complete bonding),
it is assumed that the thin layer of epoxy may have increased the contact resistance of the couple.
This additional source of contact resistance due to the epoxy is on each end of the pellets. The
pellets themselves do not have a completely smooth surface and may create places of localized
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electrical arcing or heating at the contact interface, which would lead the results to change as
heating occurs. This would explain the “baking in” results noted in Figures 4.3 through 4.6.

Figure 4.3: Voltage drop for four runs across the bulk P-type and bulk N-type bismuth telluride
couple as compared to the commercial module couple in the forward direction

Figure 4.4: Temperature differential generated by the measured power input for four runs of the
bulk P-type and bulk N-type bismuth telluride couple as compared to the commercial module
couple in the forward direction
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Figure 4.5: Hot side temperature measurements for four runs of bulk P- and N-type bismuth
telluride couples as compared to commercial module couple in the forward direction

Figure 4.6: Cold side temperature measurements for four runs of bulk P- and N-type bismuth
telluride couples as compared to commercial module couple in the forward direction
Figures 4.7 though 4.10 show the results from the four runs of bulk P-type and bulk N-type
couple using the reverse polarity of current flow. Where TE materials are capable of
bidirectional current flow, the voltage drop and temperature outputs should be comparible to the
results shown in Figures 4.3 through 4.6. Figure 4.7 shows the voltage drop across the TE
couple as current through the couple was increased in the reverse direction. The “baking-in”
55

period in the reverse polarity direction was different than that found in the forward polarity data
set, however it did approach a similar 2V voltage drop. The temperature differential created by
the power input to the TE couple (Figure 4.8) also deviated from the forward polarity, but
approached the same value with subsequent runs. The deviations between runs could be
attributed to additional curing of the silver epoxy junction points. It is possible that there was
inconsistent mixing of the two part epoxy and differing resin-to-hardener ratios were used
between the two data runs. Another issue observed was that the clamping apparatus was not
always tighened parallel with the copper contact plates, which put stress on the hardened epoxy
during the thermal cycling and would cause partial or complete failure of the contact points.

Figure 4.7: Voltage drop for four runs across the bulk P-type and bulk N-type bismuth telluride
couple as compared to the commercial module couple in the reverse polarity
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Figure 4.8: Temperature differential generated by the measured power input for four runs of the
bulk P-type and bulk N-type bismuth telluride couple as compared to the commercial module
couple in the reverse polarity

Figure 4.9: Hot side temperature measurements for four runs of bulk P-type and bulk N-type
bismuth telluride couples as compared to commercial module couple in the reverse polarity
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Figure 4.10: Cold side temperature measurements for four runs of bulk P-type and bulk N-type
bismuth telluride couples as compared to commercial module couple in the reverse polarity
To complete the Peltier investigation, 40 nm particle size pellets consisting of TE materials were
prepared as per the process described in chapter 3. With these materials, additional experiments
were conducted using the same protocols as the bulk material pellet experiments. The (40 nm
particle size) first run results were plotted against the bulk materials first run results, as well as
the commercial couple control sample. Figures 4.11 through 4.14 show the results of the
forward polarity data set and Figures 4.15 through 4.18 show the results of the reverse polarity
data set. Compared to the bulk materials and control samples, the 40 nm particle size couples
show a higher voltage drop as current increased (Figures 4.11 and 4.15). When observing the
temperature differential (Figures 4.12 and 4.16), it is seen that a smaller temperature differential
was created as power input increased. For the Peltier testing, the 40 nm material did not perform
as well as the bulk materials, but it was hypothesized that it may perform better as a Seebeck
power device, discussed in Section 4.2.
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Figure 4.11: Voltage drop across forward polarity nanoparticle couple compared to commercial
couple and bulk couple in forward and reverse polarity

Figure 4.12: Power input into forward polarity nanoparticle couple compared to commercial
couple and bulk couple in forward and reverse polarity
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Figure 4.13: Hot side temperature rise of forward polarity nanoparticle couple compared to
commercial couple and bulk couple in forward and reverse polarity

Figure 4.14: Cold side temperature rise of forward polarity nanoparticle couple compared to
commercial couple and bulk couple in forward and reverse polarity
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Figure 4.15: Voltage drop across reverse polarity nanoparticle couple compared to commercial
couple and bulk couple in forward and reverse polarity

Figure 4.16: Power input into reverse polarity nanoparticle couple compared to commercial
couple and bulk couple in forward and reverse polarity
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Figure 4.17: Hot side temperature rise of reverse polarity nanoparticle couple compared to
commercial couple and bulk couple in forward and reverse polarity

Figure 4.18: Cold side temperature rise of reverse polarity nanoparticle couple compared to
commercial couple and bulk couple in forward and reverse polarity
In response to a hardened epoxy couple structure’s known tendency toward failure in the test
clamp, a study was performed to better understand the role of the epoxy as a contact layer
transition material. More specifically, testing used the bulk TE material to compare the outputs
of an epoxied couple (Figure 4.19) to the outputs of a non-epoxied couple (Figure 4.20). A non62

epoxied couple was put into the test apparatus and underwent the aforementioned test protocol.
The non-epoxied couple was test-loaded twice in both the reverse and forward current polarities.
Results of that testing are plotted in Figure 4.20. Comparing the two results, it was observed that
the epoxy does increase the performance of the TE couple. It was concluded that the epoxy acts
as a bonding agent and fills in any surface roughness or abnormalities in the copper contact pad
and pellet surfaces, increasing the thermal and electrical conductivity at the junction points.

Figure 4.19: Voltage drop across epoxied bulk P and N TE couple
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Figure 4.20: Voltage drop across non-epoxied bulk P and N TE couple

4.1.2 Modifications To Laboratory Developed TE Couple
As a result of the data in the previous section, 4.1.1, a number of modifications were made to the
couple to reduce or minimize the contact resistances to reduce the internal resistance of the TE
couple.
As a result of the method in which the thermoelectric couple is manufactured, there is a necessity
to have metal at the semiconductor junctions. Due to the results of the experimentation, it has
been noted that there may be an inhibiting nature to these junctions. It seems that most of the
energy transfer passing through the couples is given off as heat, as indicated by the hot and cold
side of the thermoelectric couple not alternating when the polarity of the current flow is reversed.
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This type of junction behaves as a Schottky barrier, the impact of which is dependent on the
potential barrier height. This barrier height, between the metal and the semiconductor, is a
function of the work function for the metal, the electron affinity of the semiconductor, and the
band gap of the semiconductor. The barrier height causes a restriction for electrons to flow in
the desired direction, which is similar to diode, or Schottky, behavior. For either P-type or Ntype materials, the further that the barrier height is from zero, the further the diode behavior
increases. [Sze, 1985]
Material

Work Function [eV]

Copper

4.65

Silver

4.26

Gold

5.1

Zinc

3.63

Aluminum

4.28

Nickel

5.01

Table 4.1: Work function for various potential electrical contact pads
4.1.3 Continued Couple Peltier Testing
Based on the results of the comparative study of the barrier height restrictions for the Schottky
barrier resistance affecting the performance of the TE couple, differing materials, nickel (Ni) and
gold (Ag), were selected to attempt to improve performance, as their work functions were close
to that of bismuth telluride. These materials were procured in foil form and were inserted
between the copper contact pad and each TE element in an attempt to alleviate any barrier height
restriction. An experiment was conducted to determine if performance would change between
two situations: when the strip was intact and used across both P and N junctions, or when the
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strip was cut and one piece was placed on both junctions. This was also compared against the
performance of a thin layer of Ni deposited on the surface of each pellet. The depositing was
performed using a sputtering device (108 Auto, Cressington Scientific). The results of this
experiment are shown in Figures 4.21 through 4.24, showing the voltage drop, temperature
differential created, and the hot and cold side temperatures, respectively. The experiment was
performed twice in each polarity, except for the Ni strip case, as an issue with strip placement
relative to the junctions was a continuous issue. Between the runs, there was no discernable
difference between either polarity. Figure 4.25 shows a comparison of the forward polarity run
for each test case to determine if there was any difference between the test cases. The test case
where the Ni was deposited on the surface of the material outperformed the commercial couple
and both strip cases. It was determined that the use of foil strips would provide reduced results,
as the foil would not conform to the unique surfaces of both the pellet and the copper contact bar,
which would impede heat and electrical conductivity of the couple. Depositing the Ni on the
surface of the pellet also proved to be an impracticality, as it could not be confirmed that the
sputtering was uniformly deposited and could provide a surface contact layer that still had voids
due to any surface roughness. For further testing, it was determined that a colloidal epoxy could
be used to ensure complete surface contact between layers. Unfortunately, the epoxy could not
be put into the vacuum chamber, as it would outgas into the chamber and damage it, therefore a
new experimental method was required.
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Figure 4.21: Voltage drop with increasing current input for bulk P and N-type bismuth telluride
couple with: (top left) no material at contact surfaces, (top right) thin layer of Ni deposit on
surfaces, (bottom left) a solid Ni strip, and (bottom right) a cut Ni strip

Figure 4.22: Temperature differential with increasing current input for bulk P and N-type
bismuth telluride couple with: (top left) no material at contact surfaces, (top right) thin layer of
Ni deposit on surfaces, (bottom left) a solid Ni strip, and (bottom right) a cut Ni strip
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Figure 4.23: Hot side temperature with increasing current input for bulk P and N-type bismuth
telluride couple with: (top left) no material at contact surfaces, (top right) thin layer of Ni deposit
on surfaces, (bottom left) a solid Ni strip, and (bottom right) a cut Ni strip

Figure 4.24: Cold side temperature Voltage drop with increasing current input for bulk P and Ntype bismuth telluride couple with: (top left) no material at contact surfaces, (top right) thin layer
of Ni deposit on surfaces, (bottom left) a solid Ni strip, and (bottom right) a cut Ni strip
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Figure 4.25: Comparison to commercial couple output: (top left) voltage output, (top right)
temperature differential, (bottom left) hot side temperature, and (bottom right) cold side
temperature
To further test different materials for the test strip, an additional run was performed to see if the
material that the strip was made of would make any discernable difference in output. Figure 4.26
shows the results of a cut strip experiment using a strip of Ni and a strip of Au, with the Au strip
placed on the N-type material opposed to the Ni-Ni cut strip test and the commercial couple
baseline. The Ni-Au experiment did show that changing the contact material would change the
thermoelectric couple output, resulting in the change in the contact resistance value. This
experiment would inform the new procedure that the use of a second contact material, colloidal
epoxy, would render differing results.
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Figure 4.26: Comparison of Ni cut strip and Ni and Ag cut strips to the commercial module
output for: (top left) voltage drop, (top right) temperature differential, (bottom left) hot side
temperature, and (bottom right) cold side temperature
4.2 Seebeck Couple Testing
As prefaced in the Peltier testing section, the source meter and testing setup was unable to
surpass the 1A loading condition and the procedure prohibited the use of epoxies to reduce the
contact resistance. Therefore, the measurements observed only served as a proof of concept for
the materials developed in the laboratory. To overcome these challenges, the objective was
made to develop a method of testing the thermoelectric materials in the Seebeck, or power
generation, condition.
This experiment required the design and construction of a measurement device capable of
measuring a millivolt to a volt range potential value (10-3V to 1V) and the capability of
measuring, via an analog voltage data output, a milliamp to amp range output (10-3A to 1A) from
a thermoelectric device; either a module or a couple. The device should also have the capability
to vary the amount of electrical load put on the thermoelectric device, to ascertain the optimal
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power output from the unit at a given temperature within a temperature range from 20 oC to 250
o

C.

To this end, a circuit (Figure 4.27) was designed with a variable resistor load bank with discrete
selectable values that were user-defined. This load bank utilized power resistors of a user-defined
range to provide different unique load values to apply to the thermoelectric generator of interest.
Discrete resistors were used to provide a consistent, customizable, and repeatable result. Each
resistor was selected by the user via a toggle switch. The toggle switch was utilized due to its
ease of use and implementation with the first-generation circuit. The switches can be upgraded in
a future iteration to solid state relays. This toggle switch triggers a MOSFET (IRFB7437PBF,
Infineon Technologies) connected to each resistor to close that particular conductor path,
allowing the transmission of electrons and providing load connected in parallel with the
thermoelectric generator. The other options considered to provide the resistive load were the use
of a potentiometer or rheostat. The potentiometer was not used because of the increased noise
that the potentiometer can introduce into the measurement due to the potentiometer acting as an
electromagnetic antenna [Dybko, 2001], along with the difficulty in providing a repeatable load
point in the potentiometer adjustment. A rheostat was not selected because, even though a
rheostat does vary the load in discreet increments, the customization of the unique loading for a
TE couple may not be achievable for all test cases without multiple different rheostats.
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Figure 4.27: Seebeck Performance Testing Circuit
The potential difference for each load setting was measured using a combination of directly
measuring the potential across the circuit using a data acquisition package and by measuring the
linear analog voltage output hall sensor (HLSR 20-P, LEM) monitoring the current through the
load. The circuit was powered by a 60Hz 120VAC input, 24 VDC output power supply (PW224, C-Ton Industries) rated for 1 W linear output, and used 10 VDC and 5 VDC voltage
regulators for the MOSFET and Hall sensor power, respectively.
The thermoelectric test apparatus, shown in Figure 4.28, is comprised of the Seebeck testing
circuit (left) and the test apparatus (right). Not shown in Figure 4.28 is the data acquisition
computer used in the test setup. The was comprised of a benchtop 350 W laboratory hot plate
(HP2305BQ, Thermo Scientific) for the heat source. The heat sink utilized an aluminum heat
exchanger block with water at 20 oC circulated through it by a water pump (Universal Pump 185,
Hydor) at a flow rate of 11.67 LPM from an approximate 2.5 gallon water bath of tap water. The
thermoelectric materials were placed between the hot plate and the heat sink heat exchanger.
72

Copper blocks, measuring 3.81 cm by 3.81 cm, were used as a base plate for both the hot side
and cold side of the thermoelectric materials to aid temperature stability and more uniform
thermal conductivity across the contact surfaces. Thermocouple wire (K-type, Omega
Engineering) was inserted into the copper pads via holes drilled 0.079 cm from the surface of the
pad to capture the heat source and heat sink temperatures for the thermoelectric material at the
contact surface. Ceramic wafers were used to electrically isolate thermoelectric couples and
modules from the copper baseplates when applicable.

Figure 4.28: Laboratory experimental setup for Seebeck performance evaluation
Thermal paste was applied to all thermally conductive contact surfaces to ensure uniform heat
transfer through the system. The thermal paste is important in the heat transfer process. The
surfaces of all heat transfer surfaces may appear macroscopically to be smooth, but on the
microscopic level the surfaces are rough. This roughness decreases the thermal conductivity of
the system, decreasing the overall amount of heat transfer. Any surface roughness creates an
inconsistent surface of localized high and low spots on the surface of both solids, and the heat
conduction area will be limited to the areas were the high points of each surface come into
contact, thereby reducing the overall available heat transfer surface area and overall thermal
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conductivity of the system. This roughness decreases the efficiency of the thermoelectric device,
as this energy transfer drives the output of the device, as the amount of thermoelectric output is
directly proportional to the amount of thermal energy. With the potential to measure the 10-3
range of voltage and current output of the TE couples, ensuring that the output was repeatable
and consistent is of paramount importance. Therefore, the thermal paste is critical to the setup.
Figure 4.29 shows an experimental flow diagram depicting a simplification of the test apparatus
setup described previously. Figure 4.29 does not denote the thermal paste applied between the
heat sink and respective copper bar, between the copper bars and the ceramic plates, and between
the ceramic plates and the module or couple. There is no thermal paste between the individual P
and N junctions and the copper contact pads.

Figure 4.29: Schematic diagram of the experimental setup
A data acquisition (DAQ) software package (LabView, National Instruments) was developed to
interpret each measurement, display the measurements in real-time, and record the measurements
for further post-processing. The voltage signals from the direct potential difference and the hall
sensor voltage output were transmitted to the DAQ using an analog voltage differential card (NI
9205, National Instruments). The thermocouple signals were transmitted to the DAQ with a
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thermocouple analog card (NI 9213, National Instruments). Both cards were inserted into a
common chassis (NI 9174, National Instruments) for data transmission to the DAQ software and
computer. The data rate used was a 3 kHz sample rate at 100 samples per cycle. It was
recognized that this data rate is too high for thermocouples but was used to capture any dynamic
variation of voltage and/or current output at any given temperature.
The cost of this system as described was 100 times less than the off-the-shelf measurement
meters. The presented cost here for the load and measurement circuit is approximately $200
based on Jan 2021 cost, and takes the place of the $20,000-$30,000 meter. The overall cost of the
circuit and the test apparatus between $556 and $581, neglecting shipping costs and the manhour
cost of building the circuit and test apparatus. The approximate cost breakdown can be seen in
Table 4.2. The heat source and heat sink equipment are required for any thermoelectric
experimentation and are included in Table 4.2. Table 4.3 also shows the expanded cost of a
laptop, data acquisition software, and hardware presented here. The cost of the DAQ software
and hardware is separated from the test equipment because these are user-defined based on a
researcher’s experience and the availability of substitutable items. They are also required
regardless of the experimental setup.
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Item

Description

Cost

24V power supply

Linear, 1W output

$21

Voltage Regulators

5V and 10V Volt Regulators

$2.50

MOSFETS

20 MOSFETS

$34

Resistors

Varies on test

$15-$40

Current Sensor

Hall sensor

$13

Prototyping circuit board

9” by 6”

$20

Toggle Switches

16 switches

$34

Diodes

$1.50

Terminal Blocks

Resistors and I/O

$35

Subtotal

Cost of the circuit

$185-$200

Water pump

120VAC Submersible pump

$30

Heater

Hotplate heater

$250

Hardware for test
apparatus

Aluminum and copper plate, $100
clamp, and misc. hardware

Total Cost

$556-$581

Table 4.2: Test apparatus and circuit component cost
Item

Description

Laptop computer

Cost
$1000

Data Acquisition
software

LabView, Academic version

Data acquisition
hardware

Chassis, voltage and temperature input $3200

Thermocouple wire

K-type wire

Total Cost

$1325

$25
$5550

Table 4.3: Data acquisition equipment cost
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4.2.1 Circuit Measurement Calibration By Measuring Known Currents
The circuit was initially validated and calibrated to ensure accurate voltage and current
measurements. A known current, ranging from 1 mA to 1 A, was applied through the circuit
with a 4 Ω and 6 Ω resistive load and using a source meter (2400, Keithley) to ensure that the
meter was functional and outputting the proper millivolt signal from the current hall sensor.
These resistances were used because they match the manufacturer’s published internal
resistances for modules 1 and 2, and are discussed in the Section 4.2.2. The measured numbers
from the source meter were plotted against the circuit measurement value and a linear calibration
curve was developed for voltage and current. Table 4.4 gives the calibration curves and the
correlation values. “A” denotes the actual value and “M” denotes the measured value from the
circuit for voltage and current. The slope was used as a correction factor for the offset values of
the module and couple testing. The offset originates from the difference in wiring technique. The
wire used to attach the circuit to the copper contact pads in the test apparatus was longer than the
wire used to connect the source meter to the circuit directly. Additionally, the wire was secured
using barrel connectors in contrast with the source meter requirement of banana plugs to secure
the wire to the meter inputs. This difference affects the overall resistance of the conductors used
to connect the couple, therefore affecting the observed offset.
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Variable

0.15Ω Calib. Curve

Correlation Factor R2

Voltage

Av=2.8913Mv-0.0026

0.9999

Current

Ac=1.1671Mc-0.0835

0.9984

4Ω Calib. Curve
Voltage

Av=1.0546Mv+0.0048

0.9999

Current

Ac=0.423Mc+0.0108

0.9993

6Ω Calib. Curve
Voltage

Av=1.0318Mv+0.0046

0.9999

Current

Ac=0.3254Mc+0.0027

0.9973

Table 4.4: Calibration curves for circuit at different resistance values
4.2.2 Circuit Measurement Validation By Measuring Manufactured Module Outputs
The validation evaluation was expanded to measure commercial bismuth telluride modules
(HZ2, Hi-Z Technologies, Inc. and TG12-4-01LS, Marlow), modules 1 and 2, respectively, for
their electrical outputs. The circuit was set at a known resistance to load match the internal
resistance of the thermoelectric modules, 0.15 Ω and 6 Ω, respectively. Thermal grease was
applied to all contact surfaces to ensure thermal conductivity in all validation tests. Figures 4.30
and 4.31 show data from the manufacturer plots for the commercial modules compared with the
measured data. The error bars on the measured data curves represent two times the standard
deviation of the measurement variation with a sample size of 3. [Hi-z, 2009, and Vi]
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Figure 4.30: Measured voltage and power output data points for module 1 shown against the
manufacturer’s published data [Hi-Z, HZ2, 2016]

Figure 4.31: Measured power output of module 2 shown against manufacturer published data
[Vi]
For module 1, the hot side temperature was raised from 20 oC to 150 oC at a high rate on the
order of 10-20 oC per minute, due to the hot plate heat source, and the cold side temperature was
held at 19 oC with a water cooling system. Figure 4.30 shows the voltage and power output of
module 1 at the matched load setting plotted against the temperature differential from the heat
source and heat sink. It can be seen that both the voltage and power output of the module seems
to track the manufacturer measured data and had a similar trend to the published data curves.
There did appear to be a slight reduction in voltage and power output as the temperature
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increases, a consistent 9% difference in voltage and for power a 20-30% difference at low
temperatures down to 1-2% linearly at higher temperatures, but the measured data still follows
the published trend. The published value for the internal resistance of the module states a
singular 4 Ω value, The resistance value was assumed to be a steady state value and was used as
the load in the circuit. However, the internal resistance of thermoelectric materials does vary
with the increasing temperature, therefore the measured data could potentially vary due to
differences between the load resistance and the internal resistance of the module. It was not
known if the manufacturer used a single constant resistive load or adjusted the load resistance
with temperature.
To test the similarities in trends, a paired t-test was performed comparing the manufacturer’s
data curve to the measured data curve. A trendline for both data sets was developed: a linear
relationship for voltage and 2nd order polynomial for power. The results of the paired t-test can
be seen in Table 4.5. At a 0.05 significance level, or 95% confidence level, the voltage results
and the power results are statistically similar, as the calculated t value for the both the voltage
and power data sets are higher than the 0.975 critical value for the test. Since this t-test wants to
accept the standard null hypothesis that there is no difference between the two tests, it returns a
high p-value of nearly 1, accepting the standard null hypothesis, because the p-value inside the
curve is required instead of the p-value for the tails, which is essentially 0.000. Based on the
result of the two tailed paired t-test, it was concluded that the circuit measurement is valid for
this experiment. [Vining, 2006]
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Degrees of freedom

Critical t value at
97.5% [Vining, 2006]

Calculated t Value

Mod 1 Voltage

11

2.201

6.635

Pass

Mod 1 Power

11

2.201

11.338

Pass

Mod 2 Voltage

9

2.262

4.655

Pass

Mod 2 Power

9

2.262

3.295

Pass

Table 4.5: Goodness of fit statistical t-test results for circuit validation using measured module
outputs as compared to manufacturer data
For module 2, the test procedure was modified to recreate the published test procedure according
to the manufacturer’s specifications sheet. The heat sink, or cold side temperature was raised to
50 oC, and the heat source, or hot side, temperature was between 60 oC to 150 oC. The module
was subjected to a constant load resistance of 6 Ω, which was the commercially available resistor
value to match an interpolated value for the maximum testing temperature, using the published
5.72 Ω to 6.32 Ω internal resistance range for the operating temperature range. Figure 4.31
depicts the voltage and power output, respectively, of the module. As seen in the figure, there is
variation between the measured values and the published values, the voltage decreasing up to
23% and the power decreasing up to 33%. The differentiation is caused by variations in heat
transfer. The published test was performed under a 1 atm sealed environment of nitrogen. This
experiment was performed while exposed to ambient conditions, therefore additional heat
transfer was occurring, with additional heat loss. This conclusion was reached by comparing
heat energy input to the system as stated by the manufacturer to the heat energy input to the
performed experiment. The experiment conducted had an input heat energy of a constant 371 W
from the hot plate. This heat energy input value is an order of magnitude higher than the
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manufacturer test, which increased from 8 W to 45 W within this experiment’s range. [Vi] This
conclusion is also supported by a theoretical analysis of the heat transfer modes. Treating the lab
atmosphere as a forced convection vertical flat plate model, using air as the medium, and the
manufacturer test as a natural convection vertical flat plate model, using nitrogen gas as the
medium, the two heat transfer equations are:
(4.1)

(4.2)
where, (4.1) is forced convection and (4.2) is natural convection, Nu is the Nusselt number, Pr is
the Prandtl number, Re is the Reynolds number, and Ra is the Rayleigh number. [Sucec, 2005]
Solving these two equations to focus on the difference between the heat transfer coefficient of
the forced convection air experiment and the natural convection nitrogen experiment returns,
(4.3)

where, hN is the heat transfer coefficient for the natural convection experiment using the nitrogen
gas and ha is the forced convection experiment using air.
Equation 4.3 shows that the forced convection heat transfer is four orders of magnitude larger
than the natural convection heat transfer. The percent difference between the manufacturer data
and the developed data for module 2, seen in Figure 4.31, can also be defined by an exponential
curve, similar to this heat transfer coefficient difference. The relationship shows why more heat
input was required to achieve the published temperature range, 371 W versus the published 8-45
W range. This also shows why the percent difference for module 2 was an exponential curve
instead of a linear relationship like module 1.
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The temperature difference for this experiment is also reduced from the module 1 experiment, as
the cold side temperature was increased to 50 oC as per the published data. This reduction in
temperature differential would decrease the heat conduction energy, requiring more energy to be
put into the system than the published data. A paired t-test was performed, similar to the test for
module 1, for the manufacturer data trend line and the measured data at a 0.05 significance level
and the voltage and power results were a good fit, as the calculated t value for both data sets was
higher than the 0.975 critical value for the test, shown in Table 5.6, even with the heat transfer
difference. The p-value for this test was lower than the test on module 1, but for voltage the pvalue came out to approximately 0.999 for voltage and 0.991 for power, therefore it is probable
that the two validation curves for module 2 are not independent. It was concluded that this
experiment was also valid and representative of a positive validation experiment. [Vining, 2006]
4.2.3 Thermoelectric Couple Measurement Results
The overall purpose of this experimental setup was to evaluate individual couples. To evaluate
the effectiveness of the setup and circuit, an evaluator experiment was performed using a
baseline manufactured couple, with its junction contacts intact, as well as the junction contacts
that were originally proposed to be used in the experiment’s design. To establish a baseline
control sample study, an intact P and N junction couple was extracted from a commercially
available module (HZ14, Hi-Z Technologies) (Figure 4.32). All couple tests were conducted and
compared to this baseline to ascertain any statistically unique results or variations from the
baseline. The baseline couple maintained the manufacturer’s structural support and contact pads.
The couple was placed in the test apparatus and a silicon-based thermal paste was applied to all
surfaces to ensure thermal conduction. The comparison between the results of the baseline and
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separated junctions would confirm any deviation between the experimental design proposed and
from the manufacturer’s couple performance.

Figure 4.32: TE couple extracted from commercial module used as baseline control sample for
comparative testing of pressed material
For this test, the individual P and N junctions were separated from the manufacturer packing,
stripping the contact pads and thermoplastic. This degree of freedom allows for the use of
laboratory prepared P or N junctions. To simulate the contact pads, copper pads were used to
bridge between the two junctions and act as the contacts for leads to be attached. The top copper
pad, used to electrically bridge the junctions, measured 2.15 mm thick, 18 mm long, and 9.5 mm
wide. The bottom copper pads for the individual P and N junctions with the electrical lead
measured 2.15 mm thick, 14mm long, and 9.5 mm wide. A 20 AWG bare copper conductor was
attached to each contact pad at the base of each individual junction using silver epoxy (H20E
Epo-Tek, Ted Pella, Inc.). Figure 4.33 shows a P and N couple as installed in the test apparatus,
between the copper contact pads, copper bars, and ceramic plates. Table 4.6 gives voltage and
current values measured at room temperature conditions using the two different epoxy resins to
ascertain room temperature offset values. There is a observed difference between them due to
the different sheet resistance values of the epoxies.
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Epoxy

Voltage Offset [V]

Current Offset [A]

Ag

0.0588

-3.021

Ni

0.05764

-3.053

Table 4.6: Voltage and current offsets measured at room temperature for Ag and Ni epoxy TE
couple tests

Figure 4.33: TE couple installed in the test apparatus
To ensure good thermal and electrical conduction through the copper contact pads and the
thermoelectric junctions, the metallic resin of two-part epoxies was used to investigate any effect
on the output from contact resistance at this transition point, three studies were conducted: one
without any epoxy resin, the second with nickel (Ni) epoxy resin (AA-DUCT 903, Atom
Adhesives), and the third with silver (Ag) epoxy resin (H20E Epo-Tek, Ted Pella, Inc.).
Because thermoelectric modules are individual couples, or cells, arranged in series or parallel to
give differing current and voltage outputs, a TE couple’s voltage and power output should follow
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the same trend as the module’s output when plotted against current. This plotting technique is
more indicative of the broad usage of a thermoelectric device. In a real-world application the
load varies depending on the activities on the grid, which can fluctuate significantly. The trends
that are hypothesized to occur follow published data (Figure 4.34) and show that as the current
increases, the voltage decreases linearly and the power increases in a parabolic trend. [Hi-Z,
HZ2, 2016] As the load applied to the TE couple or module decreases relative to the internal
resistance of the TE material and contact resistances, because of the internal resistance matching,
the voltage decreases as the current increases. This occurs because the load is electrically treated
as though it is connected in parallel with the internal and contact resistances of the TE couple or
module. Subsequently, the peak power output would occur when the resistances are equal
because the voltage output is not limited by one side or the other and the current in both parallel
legs are equal. When the resistances are not equal, the current flows through the path of least
resistance. For this application, the path would be the load, for resistances lower than the
combined internal and contact resistance, and would dissipate in the thermoelectrics as Joule
heating for cases where the load resistance is higher. [Rowe, 2006]

Figure 4.34: Thermoelectric voltage and power output trend plotted over an increasing current.
[Hi-Z, HZ2, 2016]
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The Seebeck testing circuit was then used to begin characterizing the electrical outputs of P and
N couples. A load sweep was conducted using the original design load settings for the circuit,
which were estimated from dividing the internal resistance of the HZ14 module, the element size
that the laboratory pellets were based on, and by the number of couples wired in series in the
module. The resistor range used was 1mΩ to 30 mΩ. The test was conducted by holding the
differential temperature across the couple constant while each load sweep was conducted.
Figures 4.35 through 4.38 show some selected results from this testing of a commercially
manufactured couple extricated from a thermoelectric module (HZ14, Hi-Z Technology) and
comparing the results to a TE couple consisting of pellets made of P and N bulk material and P
and N 40nm nanoparticle material. Figures 4.35 through 4.37 show the power output of each
couple in Watts plotted against the current output in amps on the same axis ranges. As depicted,
the outputs of the bulk and nanoparticle couples were lower than that of the commercially
manufactured couple. Figures 4.37 and 4.38 show the same results as Figures 4.35 and 4.36,
respectively, but with the axes’ ranges adjusted to show the data points. It can be observed from
each of the three test runs that the resulting data did not capture the parabolic trend expected
from plotting power output versus the current output. This lack of correlation lead to the
conclusion that the estimated load range of the Seebeck testing circuit was incorrect. Another
observation made was that comparing the laboratory manufactured pellets to the performance of
an intact commercial couple was not enough data to conclude performance, as the contact
resistance experienced by the laboratory couples is higher. This is due to the roughness of the
interface between the pellet surface and contact pad surfaces. A 5 Ω potentiometer was
purchased and installed in the Seebeck testing circuit and the test was repeated for the
nanoparticle P and N couple. As Figure 4.40 shows, more data points were found at higher
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resistance values and the parabolic did trend appear, denoted by the second-order polynomial
curve fits of selected data sets in the figure.

Figure 4.35: Power output results from initial load sweep of a commercial P and N bismuth
telluride couple

Figure 4.36: Power output results from initial load sweep of a bulk P and N bismuth telluride
couple, plotted on similar axes as the commercial couple
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Figure 4.37: Power output results from initial load sweep of a 40nm P and N bismuth telluride
couple, plotted on similar axes as the commercial couple

Figure 4.38: Power output results from initial load sweep of a bulk P and N bismuth telluride
couple
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Figure 4.39: Power output results from initial load sweep of a 40nm P and N bismuth telluride
couple

Figure 4.40: Power output results from potentiometer load sweep of 40nm P and N bismuth
telluride couple
A second commercial couple was disassembled and the upper contact pad removed, separating
the P and N junctions in to individual junctions rather than a pair for an additional test. The
commercial couple test procedure was repeated using the separated commercial junctions. The
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same copper pad used for the laboratory couples was now required to act as the upper contact
conductor, causing the increase in contact resistance, therefore the output of the power output
was reduced. The difference in the commercial couple output upon separation is shown in
Figure 4.41. It was found during this testing that load settings 2 and 5, of the 15 loads, were not
functioning properly. An investigation into these two inconsistencies indicated that the probable
cause was a malfunctioning MOSFET.

Figure 4.41: Split commercial couple load sweep results compared to the original packing
commercial couple results
Figures 4.42 and 4.43 show results from using the Seebeck testing circuit board with all three
pellet combinations; the split commercial couple, the bulk material couple, and the 40 nm
nanoparticle couple. As the load sweep was conducted, the temperature differential across the
couple was held at 150 oC. This resulted in a range of circuit outputs from, approaching opencircuit results on the left side of the figures, to approaching short-circuit results towards the right.
Figure 4.42 shows the expected linear trend of the voltage output as plotted against current
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output. Figure 4.43 shows the power output versus current output holding the expected parabolic
trend. Shown in both figures, the commercial material testing resulted in the peak open-circuit
voltage and peak power output over both the bulk and nanoparticle couples.

Figure 4.42: Voltage output results from load sweep test using 5 Ω potentiometer

Figure 4.43: Power output results from load sweep test using the 5 Ω potentiometer
Information gathered from the contact resistance testing was used to improve the overall contact
resistance. One such improvement was to use the colloidal resin from a two-part epoxy for a
silver (H20E Epo-Tek, Ted Pella, Inc.) and nickel epoxy (AA-DUCT 903, Atom Adhesives) to
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create an improved electrical conductive contact interface between the copper contact pads and
the TE elements. From the data collected from the expanded load sweep using the potentiometer,
a more appropriate load range was also derived. Table 4.7 gives the resistive load assigned to
each load setting. The electrical load increases as the load setting increases. The load sweep is
simulated by approximating an electrical short by using a small resistance value, then using
resistance values approaching and surpassing the TE internal resistance, then continuing by
approaching open circuit voltage by use of a large resistance value compared to the TE internal
resistance. Load 3 uses the resistors of loads 1 and 2 in parallel so it does not have a separate
resistor installed, hence its value of N/A in the table.
Load Number

Resistor value

Load Number

Resistor value

Load Number

Resistor value

1

0.001Ω

6

0.03Ω

11

0.15Ω

2

0.004Ω

7

0.04Ω

12

0.25Ω

3

N/A

8

0.05Ω

13

0.5Ω

4

0.015Ω

9

0.075Ω

14

1Ω

5

0.001Ω

10

0.1Ω

15

5Ω

Table 4.7: Resistor values used for Seebeck testing apparatus listed by load setting
As with previous testing, load numbers 2 and 5 were malfunctioning, therefore their results were
removed from the plots. For the test results shown below in Figures 4.44 through 4.47, three
runs were performed for each data set and the error bars denote two times the standard deviation
of the differences in the individual runs. The temperature was held constant at 150 oC while each
of the load settings were selected and the TE couple’s output was recorded. A baseline data set
was first created as the control sample data for all of the test results shown below using the
original manufactured intact couple. The results shown for the voltage and power output versus
current output in Figures 4.44 and 4.45 show the results of a split manufactured couple with the
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original contact pads still in place on either side of the TE material. A run was performed for
each of the following conditions: no epoxy, the nickle epoxy resin, and the silver epoxy resin.
As can be seen, the nickle epoxy outperformed the baseline and the no epoxy case. The results
from the silver epoxy test were neglible, meaning there was no output. This could be due to a
barrier height incompatibility between the silver epoxy and the contact pad material.

Figure 4.44: Voltage output of commercial couple with original contact pads compared to
manufactured couple at a temperature differential of 150 oC

Figure 4.45: Power output of commercial couple with original contact pads compared to
manufactured couple at a temperature differential of 150 oC
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A study was performed to gauge the differences between the original contact pad and the copper
contact pads for the commerical couple’s output. This study would also show any difference that
the laboratory pellet manufacturing process had as compared to the commercial process and to
also compare the materials used in the commercial pellets to the materials acquired. To this end,
P and N type material was scavenged from a module and prepared in the same manner as the
bulk material pellets. These pellets were used as the elements to make up a new TE couple.
Figures 4.46 and 4.47 show the voltage and power output versus current output results for this
application of the commercial material. In Figure 4.46, the voltage output for both the nickle and
silver epoxy applications were not statistically unique from the baseline, but the non-epoxy case
did show a decrease in the overall voltage output, though a higher open circuit voltage was
achieved. Figure 4.47 shows a similar result of little statistical uniqueness for the laboratory
commercial material couple from the control couple, except for the diminishment of output when
no epoxy was used, as expected. When compared to the results shown in Figures 4.44 and 4.45,
the results for the laboratory manufactured commercial material pellets did not perform as well
as the original manufacturer pellets with the contact pads intact.

Figure 4.46: Voltage output of pressed commercial material couple compared to manufactured
couple at a temperature differential of 150 oC
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Figure 4.47: Power output of pressed commercial material couple compared to manufactured
couple at a temperature differential of 150 oC
Once the comparison of the laboratory pellet pressing method to the commercial process was
concluded, studies were performed on the laboratory pellets to compare the commercial
materials to determine if improvements were observed. The hypothesis was that by ball milling
the bulk materials into a nano scale particle powder, the electrical resistivity of the material
should decrease, due to a decreased void fraction in the pellet, and therefore improve the
electrical output.
Figures 4.48 and 4.49 show the results of a validation of the pellet production process. For the
materials, a commercial module (HZ14, Hi-Z Technologies) was disassembled, and the materials
removed from the device. The materials were then ground up using a mortar and pestle and then
hot pressed according to the aforementioned pellet production process. The hypothesis was that
comparing our process to the commercial process would show if there was any discernable
difference between the two processes, as the materials used in the baseline control couple are the
same as the materials used for this experiment.
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The test procedure included holding a constant heat sink temperature of 20 oC and the heat
source temperature was increased from 20 oC to 170 oC. Figure 4.48 depicts the voltage output
and Figure 4.49 shows the power output at various resistive loads. The loads used can be seen in
Table 4.7, which shows the load ranges increasing from a simulated short circuit to a resistive
load of an order of magnitude higher than the internal resistance of the couple. This range
ensured that the data collected would range from open-circuit voltage, with minimal current
flow, to the short circuit condition, with minimal voltage difference. Each experiment was
conducted three times to account for any statistical random and systematic errors in the
experiment. The error bars denote two times the standard deviation of the measurements and
calculations with a sample size of 3 to account for a 95% inclusion of data. The measured data
for the results shown in Figures 4.48 and 4.49 were calibrated using a 0.15 Ω resistance in the
circuit and a source meter. The slope of the calibration line was used as a correction factor for
the measured data. The calibration curves are given in Table 4.4. A 0.15 Ω resistance was
chosen as the calibration resistance as it produced the optimal power output for the control
sample.
Figure 4.48 shows the voltage output for the baseline control experiment as compared to the
three contact resistance test cases. There was no statistical difference between the two epoxy
cases (Ni and Ag), and in both cases where the epoxy resin was present, the outputs were
statistically similar to the control sample in the optimal load range from 0.08 A to 0.12 A. Only
in the case where no epoxy resin was present was the voltage output decreased. This can be
attributed to roughness on the contact surfaces between the individual junctions in the couple and
their respective copper contact pads increasing the contact resistance.
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Figure 4.48: Circuit voltage plotted against circuit current at a varying load of an individual
couple at a temperature differential of 150 oC using Ni, Ag, and no-epoxy resin measured against
the manufacturer baseline prepackaged couple with error bars representing the standard
deviation. (n=3)
Figure 4.49 depicts the power output results from the experiment using the same load settings.
This figure shows that the power output from the control and the three epoxy resin cases are
statistically unique but are within a common range of power output. This difference could be
attributed to variations in the sheet contact resistances of the epoxies and Schottky barrier height
differences for electrons passing between Ag or Ni epoxy to the copper pad, instead of the direct
contact from the pressed material in the control sample. The baseline measurement offsets for
voltage, current, and calculated power measured at room temperature are given in Table 4.5.
This is seen in the figure by the increased internal resistance of the couple, shown as the higher
power output peak at higher load settings of 11, 12, and 13 from Table 4.7, versus the peak load
of the sample of load 9. The Ni and Ag cases are shown to be statistically similar in these
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results. The no epoxy case also has a statistically unique result of decreased power output,
caused by the increase in couple internal resistance as discussed previously.

Figure 4.49: Circuit Power plotted against circuit current at a varying load of an individual
couple at a temperature differential of 150 oC using Ni, Ag, and no epoxy resin measured against
the manufacturer baseline prepackaged couple
4.2.4 Measurement Limits
The current test apparatus is limited in both couple height and operating temperature. The
operating temperature is current limited to a maximum heat source temperature of 180 oC. This
temperature limit is two-fold. The first part is based on the off-gassing of the organic compound
used as the binding agent in the epoxy resins. The limit was placed as a safety precaution and
could be mitigated by conducting the test in a well-ventilated area or by placing the TE test
apparatus in a ventilation hood and venting to a safe space. The second reason for the
temperature limit is based on the stability of the heat sink temperature. As the heat source
temperature approaches 180 oC, the heat sink temperature begins to increase, which renders any
additional data collected past this heat source temperature unusable for a comparative test. A
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recommendation to overcome this temperature limit is to use a larger water bath volume and
increase the flow rate of the coolant circulating pump to increase the amount of heat energy to be
removed from the heat sink copper base plate and to ensure that the water bath does not increase
in temperature as well.
The second apparatus limit, the pile height, is based on the height of the electrical conductor
width combined with the thickness of the silver epoxy used to cement the conductor onto the
base contact pad. This limit only concerns the testing of the thermoelectric couple pile height,
rather than the module testing, as the copper contact pads are not required for module testing.
This combined thickness requires the junction pile height, or the minimum junction thickness, to
be 1.25 mm.
4.2.5 Laboratory Pressed Pellet Testing
Experimentation continued with the procured raw materials (Sigma Aldrich). In this experiment,
the raw materials were separated into two test cases, bulk and nano, and used the Ni and Ag
epoxy resins as the contact surface material. In the bulk case, the raw materials were ground
with a mortar and pestle and then hot pressed. Both the voltage (Figure 4.50) and power results
(Figure 4.51) show that the silver epoxy performed as well as the baseline control couple sample,
but the nickel epoxy underperformed the silver epoxy and was more statistically similar to the
non-epoxied couple results.

100

Figure 4.50: Voltage output versus current output results for bulk material pellets at a
temperature differential of 150 oC

Figure 4.51: Power output versus current output of bulk material couple at a temperature
differential of 150 oC
In the nano case, the raw materials were ground with a mortar and pestle, then ball milled to an
average particle size of 40 nm, and then hot pressed. The goal of this investigation was to see if
there was any increase in TE material performance by reducing the void fraction of the material.
The evaluation was performed three times using nickel and only once using silver.
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Each time

the nano materials were evaluated using the test procedure, the pellet structure would fail. The
voltage (Figure 4.52) and power (Figure 4.53) show that in both epoxy cases, the material
underperformed as compared to the commercial baseline control couple. This was likely because
the thermal stress within the material would cause damage during each successive test run, which
would cause the failure. The evaluation was repeated with new pellets to ensure that it was not a
manufacturing quality issue, but the material structure failure persisted. The fracture pattern
primarily presented as a jagged surface parallel with the junction ends. It was concluded that this
fracturing was the result of thermal stress on the material while it was compressed in the test
apparatus. The design of test apparatus used a clamp to establish a pressure sufficient to hold the
TE firmly between the heat source and heat sink. The clamp, however, would not account for
thermal expansion of the heat source or the TE material, which would account for thermal
stresses creating this observed fracturing. It was concluded that the second iteration design of
the test apparatus would have to allow for thermal expansion of the material. The control of the
heat source could also be improved to allow for slower heating of the heat source side. Using a
more controlled heat ramp rate may help with reducing the thermal stress on the material.
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Figure 4.52: Voltage output versus current output results for nano material pellets at a
temperature differential of 150 oC

Figure 4.53: Power output versus current output results for nano material pellets at a
temperature differential of 150 oC
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CHAPTER 5
CONCLUSIONS

Through modeling and experimentation, it was shown that improvements to the traditional
bismuth telluride based couple are possible. In chapter 2, modeling results suggest that by using
a segmented, graded material, or layer-by-layer deposition approach, improvements can be made
to the performance of the material. Using performance data or modeling of existing heat sources
within a maritime power plant, modeling can suggest optimal arrangements or gradations of
material to optimize the performance of the TE material. It was shown that a nanostructured
material could perform better than bulk bismuth telluride at all current density values, which is
dependent on heat flux. In chapters 3 and 4, experimentation was described on bismuth telluride
materials where contact resistances were varied by differing junction materials to ascertain any
improvements to TE materials. This experimentation included Peltier and Seebeck performance
testing, where the inputs to the TE material were varied to determine how the performance would
be affected by differing contact materials and by varying the particle size of the material. A 40
nm particle size was used to ascertain improvements on the material based on a reduced void
fraction. It was shown that as a Peltier device, the material did not perform as well as the bulk
material, as the temperature differential created required more power and was also less than the
temperature differential created by the bulk materials. As a Seebeck device, it also
underperformed, but due to fracturing of materials when tested using a developed test procedure
and the low-cost load bank circuit. It is recommended that the control methodology of the heat
source, the design of the heat sink heat exchanger, and the clamping method of the test apparatus
be redesigned for further experimentation.
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APPENDIX A
THERMOELECTRIC HEAT EXCHANGER

After observing the output of the original thermoelectric heat exchanger and finding that the
results were considerably lower than the projected output, a series of tests were conducted to
determine the cause of the poor output. These tests involved in depth investigations into the
effectiveness of the original exhaust side heat exchanger plates, a theoretical CFD and
experimental study into new exhaust heat exchanger plates
A.1 Thermoelectric Heat Exchanger Original Plating
The first study conducted was formed by observing the soot distribution of the original exhaust
plates of the TEG, seen in Figure A.1. The hypothesis formed from this observation was that the
straight fins of this plate became a detriment to the uniform distribution of the exhaust flow,
especially in regards to the exhaust flow on the outside edges of the flow. The fins actually split
the last input column of exhaust flow into three separate columns of flow, each with their own
degree of magnitude. This was confirmed by creating a computer aided drafting model of the
straight fin plate, seen in Figure A.2, and performing a computational fluid dynamics (CFD) heat
flux distribution test on the model. The results of this study can be seen in Figure A.3, which
show that the highest degree of heat transfer, which is denoted by the brighter colors blue and
green, occurs at the inlet as expected, and holds a consistent moderate heat flux, denoted by
yellow, and the periphery shows a low heat flux, denoted by the darker colors orange and red.
These modeling results indicate that these straight fin plates are not a good match for the use of
thermoelectrics because the heat flux through the plate must be distributed evenly across the TE
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module for efficient electrical production, as approximately 30% of the modules would be
mounted were the highest heat flux from the flow is achieved.

Figure A.1: Straight fin exhaust plate soot distribution

Figure A.2: CAD Model of Original Straight Fin Plate

Figure A.3: Heat Flux CFD Map for Original Straight Fin Plates
A.2 Sine Wave Exhaust Heat Exchanger Plates
The first iteration of exhaust heat exchanger plate sought to try to distribute the exhaust flow
more evenly over the plate to create a more uniform heat flux distribution and introduce some
additional turbulence to the flow to get more heat transfer. The first iteration on plates used a
sine wave as the pattern for the fins and kept the sine waves in phase with one another. The
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contour of the sine wave would give the exhaust flow an increase in turbulence due to the
changing direction of velocity, which would increase with the number of fins on the plate. Also,
the use of baffle plates would ensure the even distribution of the mass flow between the fins.
This hypothesis was tested using a heat transfer CFD study completed on a CAD model of the
plates. As is seen in Figure A.5, the mass flow is more even distributed across the plate as the
flux contour coloring is fairly consistent vertically as you move horizontally across the plate.
However, as with the straight fin plate CFD results, the study shows that the major of the heat
flux is achieved at the entrance of the heat exchanger and is moderate to poor, yellow to orange,
as the flow crosses the thermoelectrics, more so orange with an increase in the number of fins.
There is some improvement from the straight fin plates as there is no dark red seen in the results.

Figure A.4: Example of Parallel Sine Wave Plate CAD Model

Figure A.5: CFD models for Heat Flux for the Parallel Sine Wave Plates
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A.3 Bernoulli Effect Exhaust Heat Exchanger Plates
The results from the sine wave exhaust plates showed some improvement, especially regarding
uniform distribution of the exhaust flow. Therefore, a modification to the design was made to
enhance the heat transfer quality by retaining the exhaust flow on the plate for a greater amount
of time. The sine waves were shifted to completely in phase to 180 degrees out of phase, seen in
the CAD model of Figure A.6. This created pockets of exhaust flow that would progress through
the plate moving from chamber to chamber. The exhaust flow itself would be slowed, but only
in the individual pockets, by constricting the flow when the fins converge toward one another,
similar to the effect of an orifice plate. The constriction from the fins builds some back pressure
in the pocket, which holds the flow in the pocket, and on the plate, longer than that previous
studies. The CFD model confirms this in its results, seen in Figure A.7, especially in the
instances where the number of fins was increased. The CFD model also confirms that the
exhaust flow is more evenly distributed across the plate when using the exhaust flow and
temperature data from the engine test stand. This was confirmed by inspecting the soot
distribution on a manufactured plate after engine testing, which can be seen in Figure A.8 that
shows the soot distribution over a 6 fin Bernoulli Effect plate after testing on the engine test
stand.

Figure A.6: Example CAD model of Bernoulli Effect Plate
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Figure A.7: CFD Model showing the Heat Flux for Bernoulli Effect Plates using engine test
stand data

Figure A.8: Soot Distribution of 6 fin Bernoulli Effect Plate
The model was verified by experimentally testing the heat flux over the 6 fin plate. In the
experimental setup, thermocouples were mounted on the hot plate outer surface and the
temperature increase was mapped across the plate in a 3 by 4 grid, as well as inlet and outlet gas
temperatures. The heat source for this study was a heat gun with a variable flow rate capability.
The CAD model results for the heat gun flow can be seen in Figures A.9-A.14. As these figures
show, there is an observable drop in the temperature as the exhaust passes through the heat
exchanger. There were 12 thermocouples mounted on the outside of the plates as a heat gun was
used to pass hot air through the plates at 300oF and 650oF at 17.6 cfm. There were four
thermocouples mounted down the length of the flow path on the left side, the middle and the
right side.
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Figure A.9: Straight fin plate temperature drop distribution at 300oF and 17.6 cfm; top left,
across heat exchanger, top right, middle flow path, bottom left, left flow path, bottom right, right
flow path

Figure A.10: Six fin plate temperature distribution at 300oF and 17.6 cfm; top left, across heat
exchanger, top right, middle flow path, bottom left, left flow path, bottom right, right flow path
114

Figure A.11: Eight fin plate temperature distribution at 300oF and 17.6 cfm; (top left) across
heat exchanger, (top right) middle flow path, (bottom left) left flow path, (bottom right) right
flow path

Figure A.12: Straight fin plate temperature distribution at 650oF and 17.6 cfm; (top left) across
heat exchanger, (top right) middle flow path, (bottom left) left flow path, (bottom right) right
flow path
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Figure A.13: Six fin plate temperature distribution at 650oF and 17.6 cfm; (top left) across heat
exchanger, (top right) middle flow path, (bottom left) left flow path, (bottom right) right flow
path

Figure A.14: Eight fin plate temperature distribution at 650oF and 17.6 cfm; (top left) across
heat exchanger, (top right) middle flow path, (bottom left) left flow path, (bottom right) right
flow path
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A.4 Variable Back Pressure Heat Exchanger
One concern of the Bernoulli heat exchanger plate is a buildup of back pressure due to the
restriction of flow. Back pressure in an engine’s exhaust is a serious concern. Although some
engines are designed for a specific amount of back pressure, too much back pressure can become
a detriment to the energy output of the engine. A buildup of back pressure can impede the
release of the exhaust gasses from the exhaust piping and can build to the point of not allowing
fresh intake air into the combustion cylinder. This causes not only an increase in cylinder
temperature, which can cause exhaust valve damage and cylinder damage, but the increase in
cylinder temperature can also change the engine’s gaseous emissions. By solving the one
dimensional flow Naiver-Stokes equation for the pressure drop across a plate, the back pressure
can be predicted for a heat exchanger. The equation for this pressure drop is seen below in
Equation A.1 and the power lost due to this back pressure is seen in Equation A.2.

where, ΔP is the pressure drop, γ is the exhaust’s specific weight, hl is the frictional head loss,
is the power loss, and

is the volumetric flow rate.

The frictional head loss, hl, is given by Equation 2.3, seen below.

where, f is the friction factor, L is the plate length, D is the hydraulic diameter, and V is the flow
velocity.
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The friction factor is given by,

where, ε is the relative roughness of the plate material, D is the hydraulic diameter, and Re is the
Reynolds Number for the flow.
The heat exchanger prototype was not setup to properly monitor the intake pressure as well as
temperatures. To solve this, a device was constructed to measure all of the pressures and
temperatures continuously, which is seen in Figure A.9. This device, by design, has the
capability to vary the amount of back pressure on the flow source. The back pressure is varied
by a moving baffle plate through the vertical chamber and is controlled by the hand wheel on the
top of the device. The pressure drop across the hot side heat transfer plate is measured by a
pressure differential transducer, and the back pressure on the engine is measured by a pressure
transducer. For the studies to be completed with this heat exchanger, the diesel engine test
dynamometer at the Marine Engine Testing and Emissions Laboratory (METEL) will be utilized
as the flow source.

Figure A.15: Variable Back Pressure Heat Exchanger
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The diesel engine dynamometer test stand, seen in Figure A.10, uses a diesel generator set (C2.2,
Caterpillar) to create the exhaust temperature and flow rates for the variable back pressure heat
exchanger. It accomplishes this by having the capability to vary the load on the diesel engine,
which changes the fuel and air intake of the engine, effectively increasing the mass flow of the
exhaust, which is measured by monitoring the mass flow of the intake air and the instantaneous
fuel consumed by the engine. A temperature increase is a byproduct of this increase in fuel as
well, as the amount of fuel consumed during each combustion cycle has increased with the rise
in load. The increase in load on the genset is accomplished by varying the amount of current
sent to a resistive load bank (Freedom 100, Avtron) via a VFD (Powerflex 700, Allen Bradley).
The load sent to the load bank is controlled by the engine monitoring software developed by
METEL.

Figure A.16: Caterpillar C2.2 Engine Dynamometer Test Stand
Using the METEL engine test stand and the variable back pressure heat exchanger, the data seen
in Figure A.11 was developed. As discussed above, the power loss is related to the back pressure
on the engine, both being a function of the plate spacing.
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Figure A.17: Predicted exhaust pressure and associated power loss for engine test stand at 80%
load
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APPENDIX B
INITIAL MODULE TESTING
B.1 Module Device Testing
A method of testing individual modules and characterizing their response and output to differing
heat fluxes and flows is critical to a comparison between modules of different contact areas,
thicknesses, and even manufacturers. One such device was created, which is seen in Figure B.1.
This test apparatus uses a small aluminum plate clamp to hold a TE module in place during
testing. The heat source is an electrical resistance heater and the heat sink is a variable flow
freshwater coolant loop in a heat exchanger plate on the cold side of the module. The
temperatures of the hot side and cold side of the TE module are measured with K-type
thermocouples, as well as the temperature of the coolant inlet and outlet to the cold side heat
exchanger. The coolant flow is recorded, as is the power input to the resistance heater. The
testing done with this apparatus is two-fold, where one study is conducted on the open circuit
voltage developed by an unloaded module, and the other study is conducted while the module is
under an electrical load and measures the voltage and current produced. The module is loaded
electrically by a MOSFET load bank, which is offset by power resistors. These measurements
are logged in real time using a data logging program developed for this test.

Figure B.1: Individual Module Testing Apparatus
This apparatus was used to test commercially available modules to verify that the testing process
is valid. The modules used (HZ14, Hi-Z Technologies, Inc.) consist of 49 couples of P-type and
N-type bismuth telluride and are rated for 14W. The water flow was set at 1.5 gpm and the input
power to the electric heater was a constant 290W. The variable resistor was set at a constant
setting for each load test. The study was conducted for a resistance setting of 0.2Ω, 0.22Ω,
0.25Ω, 0.3Ω, and 0.4Ω, and the results of this study can be seen in Figure B.2. The results show
that the power developed by the module is very dependent on the load that it is subjected to, and
the power developed improves as the total load resistance approaches the internal resistance of
the TE module. This is consistent with the manufacturer’s application notes, and these results
track well with the manufacturer’s performance data curve for the module (Hi-Z), shown in
Figure B.3. As also can be seen in Figure B.2, the study includes a cool down tracking of the
module, which is represented by each line reaching its peak power output and then returning to
the initial starting conditions.
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Figure B.2: Commercial TE module power test results

Figure B.3: Manufacturer data for power performance for 14W module [Hi-Z, 2009]
The module testing apparatus was also used on the device created as test subjects for the heat
flux optimization study.
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